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ABSTRACT 


An  investigation  of  limited  cavitation  was  conducted  on  three 
different  axisymmetric  models.  Test  models  included  a  hemispherical 
nose,  a  Schiebe  nose,  and  a  David  Taylor  Naval  Ship  Research  and 
Development  Center  (DTNSRDC)  nose.  All  models  had  a  2.0-in.  diameter. 
Theoretical  pressure  distribution  calculations  and  laminar  boundary 
layer  growth  calculations  were  performed  for  the  above  models  which  were 
subsequently  tested  and  also  for  a  1.5-caliber  ogive  nose,  a  1.0-caliber 
ogive  nose,  and  an  International  Towing  Tank  Conference  (ITTC)  nose  to 
serve  as  supplementary  information.  The  test  models  were  chosen  in 
accordance  with  their  boundary  layer  flow  characteristics.  Laminar 
boundary  layer  separation  was  predicted  to  occur  on  the  hemispherical 
nose  for  all  test  velocities.  Calculations  for  the  Schiebe  nose 
indicated  that  laminar  boundary  layer  separation  does  not  occur  and, 
therefore,  this  model  exhibits  an  attached  boundary  layer  for  all 
velocities.  Laminar  separation  was  predicted  for  the  DTNSRDC  nose; 
however,  this  model  has  a  relatively  low  critical  Reynolds  number. 

As  a  result,  the  DTNSRDC  nose  exhibits  laminar  separation  at  low 
velocities  and  an  attached  boundary  layer  at  high  velocities. 

Cavitation  tests  were  performed  at  two  different  air  contents 
for  each  model.  Several  different  types  of  limited  cavitation  were 
observed.  A  procedure  of  recording  the  cavitation  tests  on  audio¬ 
visual  recording  tape  for  subsequent  analysis  was  used  and  proved 
to  be  extremely  helpful.  Common  character! sties  were  observed  in 
the  cavitation  behavior  of  the  different  models  for  variations  in 
free  stream  velocity,  air  content  and  boundary  layer  status. 


Limited  cavitation  data  are  presented  along  with  detailed  descriptions 
of  the  observed  cavitation  types.  Photographs  of  the  different 
cavitation  types  are  also  included.  Additional  tests  were  performed 
to  obtain  measured  values  of  mean  and  fluctuating  pressures  on  a  2.0-in 
diameter  hemispherical  nose.  Mean  pressure  results  were  helpful  in 
attempting  to  understand  band  cavitation.  Fluctuating  pressure  measure 
ments  carried  out  in  the  region  of  boundary  layer  reattachment  were 
supportive  to  the  discussion  of  bubble-ring  cavitation.  Transient 
cavitation  observed  on  all  models  appears  to  be  closely  associated 
with  the  nuclei  characteristics  of  the  testing  facility.  Both  band  and 
bubble-ring  cavitation  are  controlled  by  the  presence  of  laminar 
boundary  layer  separation.  Characteristics  of  fixed-patch  cavitation, 
as  observed  on  the  Schiebe  and  DTNSRDC  noses,  suggest  that  it  may  be 
controlled  by  surface  roughness,  although  relatively  little  is  known 
about  this  type  of  cavitation. 
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CHAPTER  1 


INTRODUCTION 


1.1  Background  Information 

"Cavitation"  is  the  general  term  given  to  vapor-filled  voids 
which  form  in  a  flowing  liquid  in  response  to  low,  dynamically  induced 
pressures.  The  event  of  cavitation  is  of  particular  interest  to  the 
fluids  engineer  because  of  its  detrimental  effects  on  the  operation  of 
hydrodynamic  devices.  Most  notable  effects  include  losses  in  efficiency, 
increased  noise  and  vibration,  and  erosion  of  the  structure.  It  is, 
therefore,  within  the  engineer's  best  interests  to  understand  the 
mechanisms  involved  in  the  process  of  cavitation  inception.  The  study 
of  cavitation  dates  back  approximately  one  hundred  years  to  the  work  of 
Reynolds  [1,2],  who  apparently  described  this  phenomenon  in  connection 
with  ship  propellers.  (These  references  were  obtained  from  reference 
[3].)  Innumerable  investigations  have  since  been  carried  out  involving 
cavitation  in  various  fluid  dynamic  applications.  Much  has  been  learned 
about  the  causes  of  cavitation  and  the  consequences  of  its  formation. 
There  are  still,  however,  many  unsolved  problems  in  the  study  of  cavi¬ 
tation,  particularly  in  the  prediction  of  cavitation  inception. 

An  important  parameter  in  the  field  of  cavitation  is  the  cavitation 
number,  a,  defined  by 


o 


(1) 


where  P  and  U  are  free  stream  pressure  and  velocity,  respectively; 

on  oo 
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Pv  is  the  liquid  vapor  pressure;  and  p  is  the  liquid  density.  Both  Py 
and  p  correspond  to  the  bulk  temperature  of  the  liquid.  This  parameter 
is  used  to  indicate  the  degree  of  cavitation  development  for  a  particu¬ 
lar  flow.  Generally,  high  values  of  a  denote  a  noncavi tating  condition, 
whereas  low  values  indicate  an  advanced  state  of  cavitation.  A  state  of 
cavitation  development  which  is  of  particular  interest  occurs  at  the 
point  of  transition  between  cavitating  and  noncavitating  flow.  This 
state  describes  limited  cavitation  and  is  designated  by  the  limited 
cavitation  number,  a^.  The  state  of  limited  cavitation  is  very  often 
used  as  the  reference  point  when  investigating  the  cavitation  charac¬ 
teristics  of  a  particular  body.  There  are  two  ways  to  attain  limited 
cavitation.  Inception,  defined  by  ,  corresponds  to  the  first  appear¬ 
ance  of  cavitation  as  a  is  lowered.  Desinence,  obtained  by  raising  a, 
corresponds  to  the  disappearance  of  cavitation  and  is  defined  by  a^. 
Normally,  tests  are  performed  such  that  a  is  changed  by  raising  and 
lowering  the  tunnel  pressure  while  keeping  the  free  stream  velocity 
constant.  Occasionally,  differences  between  o^-  and  have  been  noted. 
This  hysteresis  effect  generally  gives  values  of  which  are  lower  than 
a^.  Hysteresis  is  normally  studied  in  terms  of  delay  time.  The  tunnel 
pressure  is  quickly  set  to  a  prescribed  value  which  is  lower  than  the 
desinence  pressure.  The  time  lapse  until  the  onset  of  cavitation  is 
known  as  the  delay  time.  A  more  thorough  discussion  of  the  topic  is 
presented  in  references  [4]  and  [5]. 

Three  specific  regimes  of  cavitation  are  noted  as  follows: 

1.  Vaporous  cavitation  occurs  as  the  result  of  a  phase  change 
from  a  liquid  to  a  gas.  It  is  marked  by  the  unbounded  growth 
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of  bubbles  in  a  liquid  where  the  pressure  is  less  than  the 
vapor  pressure  of  the  liquid. 

2.  Gaseous  cavitation  results  from  the  mass  transport  of  a  non¬ 
condensable  gas  out  of  liquid  solution.  This  can  only  occur 
if  the  liquid  is  oversaturated.  Time  scales  for  diffusion 
are  relatively  large  and,  therefore,  bubble  growth  by  gaseous 
diffusion  is  much  slower  than  vaporous  growth.  Gaseous 
cavitation  can  occur  at  pressures  greater  than  or  less  than 
the  vapor  pressure. 

3.  Pseudo  cavitation  is  marked  by  bubble  growth  according  to  the 
pressure-volume  relationship  of  the  equation  of  state.  Bubble 
size  varies  as  the  cube  root  of  the  ratio  of  initial  to  final 
pressures.  Pseudo  cavitation,  like  gaseous,  can  occur  at 
pressures  greater  or  less  than  the  liquid  vapor  pressure. 

It  is  not  uncommon  to  have  more  than  one  cavitation  regime  occurring 
simultaneously.  It  is,  therefore,  important  to  be  able  to  distinguish 
between  the  different  regimes.  Of  the  three  regimes,  vaporous  cavitation 
displays  the  most  dramatic  characteristics.  Because  of  its  violent 
growth  and  collapse,  it  is  generally  distinguishable  from  gaseous  and 
pseudo  cavitation.  The  present  investigation  is  primarily  concerned 
with  vaporous  cavitation. 

Another  important  parameter  in  the  field  of  cavitation  is  the 
pressure  coefficient,  Cp,  defined  by 
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where  P.  is  the  local  static  pressure  and  P  and  U  are  free  stream 

L  OO  CO 

static  pressure  and  velocity.  The  minimum  pressure,  P^^,  on  a  body 
corresponds  to  the  minimum  pressure  coefficient  where 
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It  is  often  assumed  that  cavitation  inception  occurs  when  the  minimum 
pressure  on  a  body  equals  the  liquid  vapor  pressure.  This  gives 


or 
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This  is  the  classical  theory  for  limited  cavitation.  It  should  be 
pointed  out  that  in  this  theory  several  factors  are  assumed  negligible; 
they  include  surface  tension,  turbulent  pressure  fluctuations,  noncon¬ 
densable  gas  diffusion,  and  others. 

The  classical  theory  of  limited  cavitation  is  found  to  have 
several  shortcomings,  particularly  for  variations  in  velocity,  model 
size,  and  liquid  properties.  These  deviations  from  the  classical 
theory  are  termed  scale  effects  and  are  the  subject  of  a  large  portion 
of  present-day  cavitation  research.  An  interesting  presentation  and 
discussion  of  observed  scale  effects  are  given  in  reference  [6]. 

The  following  are  several  important  factors  which  are  responsible 
for  observed  scale  effects  on  limited  cavitation: 
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1)  noncondensable  gas  diffusion, 

2)  model  size, 

3)  turbulent  pressure  fluctuations, 

4)  surface  roughness, 

5)  velocity,  and 

6)  liquid  properties. 

A  brief  discussion  of  these  factors  is  given  in  reference  [7]. 

It  is  believed  that  the  actual  process  of  cavitation  inception  is 
made  possible  by  the  presence  of  cavitation  nuclei  in  the  liquid. 
Theoretical  calculations  predict  that  pure  water  can  withstand  tensions 
of  the  order  of  thousands  of  atmospheres.  That  such  large  tensions  are 
not  obtainable  experimentally  is  attributed  to  weak  spots  in  the  water. 
These  weak  spots  or  cavitation  nuclei  are  the  subjects  of  many  theoreti¬ 
cal  and  experimental  investigations.  Several  of  these  investigations 
are  summarized  by  Holl  [71. 

1.2  Previous  Investigations 

Much  has  been  learned  about  cavitation  inception  as  the  result  of 
several  investigations  of  cavitation  on  axisymmetric  noses.  In  1952, 
Kermeen  [8]  presented  the  results  of  his  observations  of  cavitation  on 
several  different-sized  hemispherical  noses.  Scale  effects  on  limited 
cavitation  were  observed  for  both  model-size  and  velocity  variations. 

Two  types  of  incipient  cavitation  were  reported  on  all  of  the  hemi¬ 
spheres,  namely,  clear,  steady,  attached  cavitation  and  small  transient 
bubbles.  Extremely  small  bubbles  were  also  observed  just  upstream  of 
the  band  of  small  transient  bubbles  which  were  believed  at  that  time  to 
be  within  an  attached  boundary  layer. 


The  results  of  limited  cavitation  tests  on  several  different-sized 

hemispherical  and  1.5-caliber  ogive  noses  were  reported  in  a  joint  study 

by  Parkin  and  Ho  1 1  [9]  in  1953.  The  two  test  facilities  used  were  the 

14-in.  High-Speed  Water  Tunnel  located  at  the  Hydrodynamics  Laboratory 

of  the  California  Institute  of  Technology  (CIT)  and  the  48-in.  water 

tunnel  at  the  Applied  Research  Laboratory  of  The  Pennsylvania  State 

University  (ARL/PSU).  It  should  be  mentioned  that  the  CIT  facility  has 

a  resorber,  whereas  the  ARL/PSU  facility  does  not.  Much  of  the  CIT  data 

for  the  hemispherical  noses  were  taken  from  Kermeen's  work  [8].  With 

the  exception  of  small  models  at  low  velocities,  the  cavitation  number 

(indicating  desinence)  was  shown  to  systematically  increase  for  both 

free  stream  velocity  and  body  size.  It  was  also  observed  that,  for  the 

most  part,  o,  was  less  than  (Cp  f.  Further  analysis  showed  that  aA 
a  i  from1  d 

was  not  a  unique  function  of  Reynolds  number.  For  a  constant  value  of 
Re^,  was  observed  to  decrease  for  increasing  model  size.  It  was 
believed  at  that  time  that  this  size  effect  was  a  result  of  different 
available  bubble  growth  times  corresponding  to  different  model  sizes. 
Subsequent  investigations,  however,  have  suggested  that  viscous  effects 
may  be  important.  No  explanation  was  given  for  the  trend  in  ap  with 
velocity.  The  measurements  of  Cp  between  the  two  facilities  showed 
good  agreement.  No  significant  effects  were  reported  for  air  content. 

The  work  of  Parkin  and  Kermeen  [10],  in  1953,  marked  the  first 
investigation  of  boundary  layer  influence  on  the  inception  of  cavitation 
on  streamlined  axisymmetric  models.  Experiments  performed  on  2.0-in. 
hemispherical  noses  were  motivated  by  the  cavitation  observations  of 
Kermeen  [8]  on  the  same  model.  The  boundary  layer  over  the  model  was 


assumed  to  be  attached  as  per  the  results  of  Rouse  and  McNown  [11]. 

From  photographs  and  high  speed  motion  pictures  taken  during  inception, 
several  conclusions  were  drawn  relating  microscopic  bubble  growth  within 
the  attached  boundary  layer  to  the  processes  of  cavitation  inception. 
Actual  tensions  were  also  measured  on  the  hemisphere  for  conditions  of 
incipient  cavitation.  These  tensions  were  shown  to  decrease  and  even 
disappear  with  the  appearance  of  a  clear,  attached  cavity  around  the 
model . 

Several  years  later,  in  1966,  Lindgren  and  Johnsson  [12]  presented 
the  results  of  a  comparative  study  of  cavitation  observations  on  a 
standard  axisymmetric  body,  which  had  been  reported  by  several  dif¬ 
ferent  research  facilities  located  worldwide.  The  study  was  organized 
by  the  International  Towing  Tank  Conference  (ITTC)  to  determine  how 
well  cavitation  inception  data  compared  for  the  same  model  shape  when 
tested  in  different  facilities.  The  model  chosen  was  the  Swedish  head- 
form  (ITTC  standard  headform).  No  restrictions  were  placed  on  the 
experimental  procedure  or  the  model  diameter.  The  cavitation  results 
are  presented  in  Figure  1.  It  is  apparent  that  the  data  show  very 
little  correlation  in  either  magnitude  or  velocity  trends  for  the  dif¬ 
ferent  facilities.  Photographs  of  observed  cavitation  on  the  ITTC 
standard  headform  from  several  of  the  different  test  facilities  are 
presented  in  Figure  2  (Gates  [13]).  Three  types  of  cavitation  are  shown 
in  Figure  2,  namely,  "band"  type  in  frames  4,  5,  and  9,  "spot"  type  in 
frame  6,  and  "travelling-bubble"  type  in  frames  1,  2,  3,  7,  and  8. 

Flow  visualization  studies  on  axisymmetric  bodies  in  1973,  by 
Arakeri  [14]  and  Arakeri  and  Acosta  [15],  were  extremely  helpful  in 


gu re  1.  Comparison  of  cavitation  inception  results  for  a  Swedish  headform  from 
several  worldwide  facilities  sponsored  by  the  International  Towing  Tank 
Conference.  Taken  from  Figure  2  of  reference  [13]. 


Figure  2.  Photographs  of  various  types  of  cavitation  observed  on 
the  ITTC  nose  in  different  testing  facilities.  Taken 
from  Figure  3  of  reference  [13]. 


obtaining  a  better  knowledge  of  the  cavitation  inception  process.  Using 
the  Schlieren  technique  for  flow  visualization,  Arakeri  and  Acosta 
showed  that  laminar  boundary  layer  separation  occurs  on  both  the  hemi¬ 
spherical  nose  and  ITTC  nose  for  Reynolds  numbers  much  higher  than 
previously  believed.  They  also  showed  that  certain  types  of  cavitation 
are  controlled  by  the  presence  of  laminar  boundary  layer  separation. 
Their  observations  helped  to  bring  about  a  resurgence  of  research 
activity  in  the  field  of  cavitation  inception  on  axisymmetric  bodies. 

A  follow-up  study  was  performed  by  Arakeri  and  Acosta  [16]  in  1976 
on  cavitation  inception  as  it  is  influenced  by  laminar  boundary  layer 
separation.  Results  showed  conclusively  that  the  elimination  of  separa¬ 
tion,  by  a  trip  or  natural  transition,  had  a  pronounced  effect  on  the 
cavitation  inception  characteristics  of  certain  axisymmetric  bodies. 

The  results  suggest  that  differences  in  cavitation  observations  from  one 
water  tunnel  facility  to  another  may  be  dependent  upon  variations  in  the 
free  stream  turbulence  levels  of  the  respective  facilities. 

In  a  similar  investigation  in  1976,  Van  der  Meulen  [171  studied 
and  compared  cavitation  inception  on  a  hemispherical  nose  and  a  Schiebe 
nose.  The  minimum  pressure  coefficients  for  these  bodies  were  similar; 
however,  the  hemispherical  nose  experiences  laminar  separation,  whereas 
the  Schiebe  nose  does  not.  A  method  was  devised  to  eliminate  boundary 
layer  separation  on  the  hemispherical  nose  by  the  injection  of  a  polymer 
into  the  boundary  layer.  Flow  visualization  was  achieved  by  holographic 
photography.  Results  showed  that  the  elimination  of  laminar  separation 
by  polymer  injection  on  the  hemispherical  nose  produced  a  significant 
change  in  the  appearance  of  cavitation  on  this  model.  Without  polymer 
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injection,  cavitation  appeared  as  "travelling  bubbles"  on  the  Schiebe 
nose  and  as  "sheet"  cavitation  on  the  hemispherical  nose.  Polymer 
injection  and  the  resultant  elimination  of  laminar  separation  on  the 
hemispherical  nose  produced  cavitation  which  more  closely  resembled 
that  for  the  Schiebe  nose. 

Most  recently,  in  1977,  Gates  [13]  investigated  the  effects  of 
environmental  factors  on  the  inception  of  cavitation  on  axi symmetric 
bodies.  A  Schlieren  flow  visualization  technique  similar  to  that  used 
by  Arakeri  [14]  provided  information  on  the  boundary  layer  status,  i.e., 
separated  or  attached.  Gates'  results  showed  that  laminar  boundary 
layer  separation  on  axisymmetric  models  may  be  eliminated  by  increasing 
the  free  stream  turbulence  or  by  injecting  polymer  into  the  boundary 
layer.  Elimination  of  laminar  separation  produced  a  large  reduction  in 
the  incipient  cavitation  number  and  a  change  from  band  cavitation  to 
somewhat  distorted  band  and  travelling-bubble  cavitation.  He  also 
observed  the  removal  of  laminar  separation  and  band  cavitation  by  the 
presence  of  a  large  number  of  free  stream  bubbles.  Band  cavitation 
showed  no  effect  due  to  variation  of  the  nuclei  population.  It  is 
believed  that  the  nuclei  population  within  the  separation  region  is 
different  from  the  population  in  the  free  stream.  If  laminar  separation 
is  removed,  travelling-bubble  cavitation  results.  Travelling-bubble 
cavitation  appears  to  be  closely  associated  with  the  free  stream  nuclei 
population. 

1 . 3  Objectives  of  this  Investigation 

It  is  apparent  from  the  results  of  previous  investigations  that 
several  notably  different  types  of  cavitation  have  been  observed  on 
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axisymmetric  models.  The  occurrence  of  various  types  of  cavitation 
suggests  that  numerous  scaling  laws  may  exist.  These  scaling  laws  may 
be  associated  with  properties  of  the  test  facility,  e.g.,  turbulence 
level,  nuclei  population,  etc.,  and/or  properties  of  the  model,  e.g., 

Cp  -n,  boundary  layer  characteristics,  and  so  forth.  To  the  author's 
knowledge,  however,  no  attempt  has  been  made  to  study  systematically 
each  cavitation  type  individually  and  to  define  the  various  mechanisms 
involved.  Such  information  would  be  very  helpful  in  comparative  cavi¬ 
tation  studies,  particularly  when  different  test  facilities  are  used. 

The  objectives  of  this  investigation  include  documentation  of  the 
various  types  of  cavitation  occurring  on  axisymmetric  models  and 
identification  of  the  corresponding  flow  states.  The  effects  of  air 
content  and  water  temperature  will  also  be  discussed. 

Cavitation  inception  and  desinence  tests  were  performed  on  three 
different  axisymmetric  models  in  the  present  investigation.  The  models, 
all  2.0-in.  in  diameter,  include  a  hemispherical  nose,  a  Schiebe  nose, 
and  a  DTNSRDC  nose.  All  tests  were  recorded  on  audiovisual  tape  for 
playback  at  normal  speed,  slow  motion,  or  single-frame  viewing.  This 
recording  procedure  was  particularly  valuable  in  studying  the  transient 
types  of  cavitation.  Cavitation  tests  were  performed  at  two  different 
air  contents  over  a  velocity  range  of  typically  30.0  to  70.0  fps. 

Limited  cavitation  data  corresponding  to  each  different  type  of  cavita¬ 
tion  were  subsequently  obtained  from  the  recorded  tapes.  Documentation 
of  the  various  observed  cavitation  types  includes: 

1)  detailed  written  descriptions; 

2)  limited  cavitation  data; 
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3)  indication  of  flow  state,  i.e.,  separated  or  attached  boundary 
layer;  and 

4)  photographs. 

An  attempt  was  made  to  define  the  underlying  mechanisms  responsible 
for  each  of  the  different  cavitation  types  and  their  characteristics. 

In  addition,  the  conditions  are  given  for  which  these  types  of  cavita¬ 
tion  have  been  observed.  Two  additional  tests  were  performed  on  the 
hemispherical  nose,  namely,  the  measurement  of  mean  and  fluctuating 
pressures.  Mean  pressure  measurements  were  made  to  determine  the  effect 
of  laminar  boundary  layer  separation  on  the  pressure  distribution  as  a 
function  of  Reynolds  number.  Also,  fluctuating  pressure  measurements 
were  made  in  the  region  of  boundary  layer  reattachment.  The  results  of 
these  measurements  are  referred  to  in  the  discussion  of  separation- 
controlled  cavitation  observed  on  the  hemispherical  nose. 


CHAPTER  2 


EXPERIMENTAL  METHODS 


2. 1  Test  Model s 

In  the  early  stages  of  this  investigation,  several  axisymmetric 
models  were  considered  for  the  test  program.  These  models  included 
the  following: 

1)  hemispherical  nose, 

2)  1.5-caliber  ogive  nose, 

3)  1.0-caliber  ogive  nose, 

4)  DTNSRDC  nose, 

5)  ITTC  nose,  and 

6)  Schiebe  nose. 

The  models  consisted  of  a  machined  nose  section  followed  by  a  short, 
cylindrical  afterbody.  All  six  models,  along  with  a  streamlined 
mounting  strut,  were  designed  and  machined  at  the  onset  of  the  investi¬ 
gation.  The  2.0-in.  diameter  models  were  made  of  stainless  steel.  Nose 
contours  are  defined  in  Figures  3(a)  through  3(e).  The  contour  of  the 
Schiebe  nose,  Figure  3(e),  is  one  of  a  family  of  shapes  analytically 
defined  by  placing  a  disk-shaped  source  distribution  normal  to  a  free 
stream.  For  details,  refer  to  reference  [18].  Coordinates  for  the 
Schiebe  nose  are  taken  from  reference  [17]  and  are  tabulated  in  Table  1. 

Contour  inspections  of  the  models  were  made  by  comparing  a  magnified 
trace  of  each  model's  contour  with  the  appropriate  ideal  curve  generated 
on  a  computer.  Errors  in  the  contours  were  determined  by  calculating 
the  normal  distance  from  the  ideal  curve  to  the  magnified  trace. 


15 


l 

t 


t  *} 


h* 

t 


HEMISPHERICAL 

NOSE 


NSRDC 

NOSE 


t  i 


i  i 


SCHIEBE 

NOSE 


HALF-BODY  GENERATED  BY  PLACING  A 
DISK-SHAPED  SOURCE  DISTRIBUTION 
NORMAL  TO  A  FREESTREAM 


Figure  3.  Geometric  details  of  axi symmetric  test  models. 
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Table  1.  Coordinates  of  Schiebe  Nose. 
Taken  from  reference  [17]. 


Axial  Coordinate 
Over  Diameter 

X 

D 


0.000 

0.000 

0.005 

0.010 

0.020 

0.030 

0.040 

0.050 

0.060 

0.070 

0.080 

0.090 

0.100 

0.120 

0.150 

0.200 

0.250 

0.300 

0.400 

0.500 

0.600 

0.700 

0.800 

1.000 

1.200 

1.400 
1.600 
2.000 
2.200 

2.400 


Body  Coordinate 
Over  Diameter 

Y 

D 


0.0000 

0.0180 

0.1451 

0.1995 

0.2654 

0.3037 

0.3264 

0.3407 

0.3511 

0.3594 

0.3665 

0.3727 

0.3784 

0.3882 

0.4003 

0.4163 

0.4286 

0.4385 

0.4532 

0.4636 

0.4710 

0.4766 

0.4808 

0.4865 

0.4901 

0.4925 

0.4941 

0.4961 

0.4968 

0.4973 
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Results  indicated  that,  generally,  the  model  contours  did  not  deviate 
from  the  ideal  curves  by  more  than  0.2  percent  of  the  body  diameter. 

It  was  decided  that  the  experimental  program  should  be  limited  to 
three  models,  namely,  the  hemispherical  nose,  the  Schiebe  nose,  and  the 
DTNSRDC  nose.  These  models  were  chosen  on  the  basis  of  their  particular 
flow  characteristics.  The  hemispherical  nose  is  predicted  to  experience 
laminar  boundary  layer  separation  over  the  entire  test  range.  The 
critical  Reynolds  number,  ReoCrit*  ^or  ^his  ^ody  1S  91ven  as  5  *  10s 
[15],  which  corresponds  to  a  free  stream  velocity  of  300  fps  for  a  2.0- 
in.  diameter  body.  Therefore,  under  normal  conditions,  laminar  separa¬ 
tion  occurs  on  a  2.0-in.  diameter  hemispherical  nose  for  all  test 
velocities.  The  Schiebe  nose,  according  to  laminar  boundary  layer 
calculations,  does  not  separate,  which  indicates  that  a  fully  attached 
boundary  layer  occurs  on  this  body  for  all  test  velocities.  The 
DTNSRDC  nose  is  reported  [16]  to  have  a  critical  Reynolds  number  of 
5  x  105  which,  for  a  2.0-in.  model,  corresponds  to  a  free  stream 
velocity  of  30.0  fps.  Laminar  boundary  layer  calculations  indicate 
that  separation  occurs  on  this  model.  Therefore,  for  free  stream 
velocities  of  less  than  about  30.0  fps,  laminar  boundary  layer  separa¬ 
tion  occurs  and,  for  higher  velocities,  a  fully  attached  boundary  layer 
Is  present. 

2.2  Test  Facility 

All  experimental  work  was  performed  in  the  12-in.  water  tunnel 
located  in  the  Garfield  Thomas  Water  Tunnel  Building  of  the  Applied 
Research  Laboratory  at  The  Pennsylvania  State  University.  A  complete 
description  of  this  facility  is  presented  by  Lehman  [19].  The  tunnel, 
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which  is  of  the  recirculating  type,  can  attain  test  section  velocities 
in  excess  of  70.0  fps.  The  pressurization  system  provides  automatic 
control  of  the  tunnel  test  section  pressure  over  the  range  of  2.0-to- 
40.0  psia.  Tunnel  flow  passes  through  a  9-to-l  contraction  ratio  nozzle 
just  before  entering  the  test  section.  A  honeycomb,  4.0-in.  deep  with 
1/8-in.  cells,  is  located  in  the  plenum  section  to  reduce  free  stream 
turbulence.  The  turbulence  intensity  in  the  test  section  was  measured 
to  be  less  than  0.5  percent. 

Test  models  were  mounted  in  the  test  section  on  a  strut-mounted 
afterbody  assembly.  Alignment  of  the  mounting  assembly  was  done  by 
trial  and  error.  True  alignment  was  assumed  when  cavitation  inception 
was  observed  to  occur  uniformly  around  the  hemispherical  headform. 

2.3  Experimental  Procedure 

Cavitation  tests  were  performed  on  the  hemispherical  nose,  the 

Schiebe  nose,  and  the  DTNSRDC  nose  for  two  different  air  contents. 

Data  were  taken  for  free  stream  velocities  ranging  typically  from  30.0 

« 

to  70.0  fps.  All  cavitation  tests  were  recorded  on  audio-visual  tape 
for  later  analysis.  Photographs  were  also  taken  of  the  various  forms 
of  observed  cavitation. 

Free  stream  velocity  was  determined  from  the  measured  pressure 
drop,  AP,  through  the  nozzle  just  upstream  of  the  test  section. 

Absolute  tunnel  centerline  pressure,  P  ,  and  AP  were  both  measured 
with  Bell  and  Howell  differential-type  pressure  transducers.  The 
corresponding  output  voltages  were  displayed  on  separate  digital 
voltmeters.  A  static  calibration  was  performed  for  each  pressure 
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transducer  prior  to  testing.  Both  transducers  proved  to  be  linear 
within  their  respective  pressure  ranges. 

Recording  the  cavitation  tests  required  that  pressure  and  velocity 
information  be  recorded  simultaneously  with  the  cavitation  occurrences 
on  the  test  body.  This  was  done  by  positioning  the  two  voltmeters  on 
the  far  side  of  the  tunnel  so  that  the  digital  displays  were  visible 
through  the  rear  test  section  window  above  and  below  the  model. 

Lighting  for  the  model  was  provided  by  a  strobe  light  positioned  above 
the  test  section.  The  strobe  light  frequency  was  set  to  match  the 
framing  rate  of  the  video  recorder  (about  60.0  flashes  per  sec). 

During  the  course  of  each  test,  additional  information,  including  water 
temperature,  atmospheric  pressure,  and  the  time  was  recorded  verbally; 
occasionally  descriptive  comments  relative  to  the  cavitation  events 
were  also  recorded. 

Each  cavitation  test  was  preceded  by  a  measurement  of  the  total 
air  content  in  parts  per  million  on  a  mole  basis  (ppm)  of  the  water 
with  a  Van  Slyke  apparatus.  To  lower  the  air  content,  tunnel  water 
was  bypassed  through  an  external  deaeration  system.  Raising  the  air 
content  was  achieved  by  venting  the  tunnel  to, the  atmosphere.  Once 
the  desired  air  content  was  achieved,  the  tunnel  velocity  was  set  at 
70.0  fps  and  the  pressure  at  30.0  psia  for  a  few  minutes  to  let  the 
system  reach  a  state  of  equilibrium.  At  this  point,  the  test  was  ready 
to  begin.  For  convenience,  the  following  sequence  will  be  defined  as  a 
run:  at  a  constant  free  stream  velocity,  the  static  pressure  is  slowly 
lowered  until  sufficient  cavitation  is  observed;  the  pressure  is  then 
slowly  raised  until  all  cavitation  is  gone;  a  run  is  then  considered 
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complete.  For  each  test  velocity,  the  audio-visual  recorder  was  turned 
on  and  three  runs  were  performed.  All  tests  were  carried  out  in  the 
same  fashion,  starting  at  a  velocity  of  70.0  fps  and  proceeding  to  lower 
velocities,  generally,  in  increments  of  10.0  fps.  The  air  content  was 
measured  at  the  end  of  each  test  and  averaged  with  the  value  measured 
prior  to  the  test.  Cavitation  tests  for  the  three  models  were  all 
carried  out  in  this  manner.  Cavitation  data  were  then  taken  from  the 
tapes.  Calling  cavitation  from  tapes  proved  to  be  more  reliable,  since 
the  recorded  action  could  be  slowed  down,  stopped,  and  repeated.  The 
tapes  were  also  very  helpful  in  studying  each  model's  cavitation 
characteristics. 

Still  photographs  were  taken  of  the  different  types  of  cavitation 
on  all  three  models.  A  Nikkormat  35-mm  camera  was  used  with  Kodak 
Plus-X  Pan  film.  Two  strobe  lights  positioned  outside  of  the  test 
section  on  the  side  and  above  the  model  provided  sufficient  light. 
Several  large  Fresnel  lenses  were  used  to  focus  the  light  on  the 
model.  All  still  photography  was  done  after  the  cavitation  tests 
were  complete. 
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CHAPTER  3 

THEORETICAL  FLOW  CALCULATIONS 

Pressure  distributions  and  laminar  boundary  layer  calculations 
were  performed  for  all  of  the  axisymmetric  models  mentioned  previously. 
Pressure  distributions  were  calculated  using  the  two-dimensional 
Douglas-Neumann  program  for  both  blocked  and  unblocked  cases.  Laminar 
boundary  layer  calculations  employed  the  Thwaites  approximate  method 
for  obtaining  the  momentum  thickness,  0.  A  Pohlhausen  velocity  profile 
was  assumed  in  the  determination  of  displacement  thickness,  6*,  and 
boundary  layer  thicknes,  6.  Calculations  were  performed  at  incremental 
streamwise  stations  along  each  body  up  to  the  position  of  laminar 
boundary  layer  separation.  For  nonseparating  bodies,  the  calculations 
were  arbitrarily  terminated.  Laminar  boundary  layer  separation  was 
assumed  to  occur  when  the  parameter  k,  defined  by  (e2/v) (dU/dS) ,  reached 
a  value  of  -0.09. 

Plots  of  theoretical  pressure  coefficient,  Cp,  versus  nondimen- 
sionalized  axial  distance,  x/D,  are  presented  in  Figures  4,  5,  and  6 
for  the  hemispherical  nose,  the  DTNSRDC  nose,  and  Schiebe  nose, 
respectively.  Two  curves  are  shown  on  each  plot.  The  dashed  curve 
represents  the  pressure  distribution  with  blockage  effects  as  determined 
for  a  2.0-in.  diameter  model  in  a  12.0-in.  diameter  tunnel.  The  solid 
curve  shows  the  pressure  distribution  calculated  for  the  model  in  free 
stream  conditions. 

Results  of  laminar  boundary  layer  calculations  are  presented  as 
curves  of  Re^/ZRej^,  Re;*//Rip,  ReQ/ZRep,  and  Re^/Re^  as  a  function  of 
the  nondimensional ized  axial  distance,  x/D.  These  curves  are  presented 


Figure  5.  Douglas  Neumann  pressure  distribution  for  a  2.0-in.  diameter  Schiebe 
nose  in  a  12.0-in.  diameter  tunnel  and  in  a  free  stream. 
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for  the  hemispherical  nose,  the  DTNSRDC  nose,  and  the  Schiebe  nose  in 
Figures  7,  8,  and  9,  respectively.  Curves  for  both  hemispherical  and 
DTNSRDC  noses  are  terminated  at  the  theoretically  predicted  location 
of  laminar  boundary  layer  separation.  The  corresponding  values  of  x/D 
are  0.462  and  0.485,  respectively.  Calculations  for  the  Schiebe  nose 
were  carried  out  to  an  x/D  of  about  0.475.  It  is  important  to  note 
that  these  results  only  hold  for  attached  laminar  boundary  layers. 

It  was  mentioned  previously  that  pressure  distributions  and 
boundary  layer  calculations  were  also  performed  for  a  1.5-caliber 
ogive  nose,  a  1.0-caliber  ogive  nose,  and  an  ITTC  nose.  These  results 
are  presented  for  additional  information.  Pressure  distributions  are 
shown  in  Figures  10,  11,  and  12  and  boundary  layer  results  are  shown 
in  Figures  13,  14,  and  15. 


Development  of  laminar  boundary  layer  along  a  2.0-in. 
diameter  hemispherical  nose. 


Development  of  laminar  boundary  layer  along  a  2.0-in.  diameter  Schiebe  nose. 
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re  11.  Douglas  Neumann  pressure  distribution  for  a  2.0-in.  diameter,  1.0-caliber 
ogive  nose  in  a  12.0-in.  diameter  tunnel  and  in  a  free  stream. 


Neumann  pressure  distribution  for  a  2.0-in.  diameter  ITTC 
a  12.0-in.  diameter  tunnel  and  in  a  free  stream. 


Development  of  laminar  boundary  layer  along 
2.0-in.  diameter,  1.5-caliber  ogive  nose. 


Development  of  laminar  boundary  layer  along 
a  2.0-in.  diameter,  1.0-caliber  ogive  nose. 


Development  of  laminar  boundary 
a  2.0-in.  diameter  ITTC  nose. 


CHAPTER  4 


OBSERVATIONS  OF  LIMITED  CAVITATION  ON  AXISYMMETRIC  MODELS 

4. 1  General  Descriptions  of  Limited  Cavitation  Types 

Several  forms  of  cavitation  were  observed  on  the  three  different 
models  tested  in  this  investigation.  However,  not  all  cavitation  types 
were  seen  on  all  three  models.  The  types  observed  in  the  present 
investigation  are  classified  under  two  general  categories,  namely, 
transient  and  attached  cavitation.  Transient  cavitation  is  character¬ 
ized  by  cavities  which  grow  and  collapse  very  rapidly.  This  type  of 
cavitation  does  not  appear  to  be  attached  in  any  way  to  the  model. 
Because  of  its  short  life,  transient  cavitation  is  very  difficult  to 
observe  with  the  unaided  eye  under  normal  lighting  conditions.  The 
cavities  generally  appear  as  blurred  streaks  giving  no  indication  of 
actual  shape.  Only  with  the  aid  of  a  strobe  light  is  it  possible  to 
observe  and  photograph  this  form  of  cavitation.  On  the  other  hand, 
attached  cavitation  usually  occurs  as  a  quasi-steady  cavity  which 
appears  fixed  to  the  body  and  is  readily  observable  with  the  unaided 
eye  under  normal  lighting  conditions. 

The  various  types  of  cavitation  observed  in  the  present  investiga¬ 
tion  are  categorized  and  defined  in  the  following  two  sections.  The 
complete  results  of  cavitation  tests  on  the  three  axisymmetric  models 
are  presented  in  Section  4.2. 

4.1.1  Transient  cavitation.  Three  types  of  transient  cavitation 
have  been  observed,  namely,  travelling-bubble  cavitation,  travelling- 
patch  cavitation,  and  bubble-ring  cavitation.  Travelling-bubble 
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cavitation  is  so  named  because  it  appears  in  the  form  of  nearly 
spherical  cavities  which  rapidly  grow  and  collapse  as  they  travel  with 
the  flow  through  the  low  pressure  region  of  a  hydrodynamic  body.  A 
sketch  illustrating  the  general  appearance  of  travelling-bubble  cavi¬ 
tation  on  an  arbitrary  headform  is  presented  in  Figure  16. 

Travelling-patch  cavitation  differs  from  travelling-bubble 
cavitation  mostly  by  its  appearance,  which  is  similar  to  that  of  a 
seashell  inverted  over  the  surface  of  the  model.  Like  travelling- 
bubble  cavitation,  travelling-patch  cavitation  appears  as  randomly 
occurring  cavities  in  the  low  pressure  regions  of  hydrodynamic  bodies. 

A  sketch  showing  the  details  of  travelling-patch  cavitation  on  an 
arbitrary  headform  is  presented  in  Figure  17. 

Bubble-ring  cavitation  was  observed  only  on  the  hemispherical 
nose  in  this  investigation  and  is  described  in  further  detail  in 
Section  4.2.1.  This  form  of  cavitation  appears  to  be  a  very  specialized 
type  of  cavitation  for,  not  only  does  it  depend  upon  the  presence  of 
laminar  separation,  but  also  it  must  depend  on  other  factors  since  it 
has  been  observed  on  only  two  bodies,  namely,  the  hemispherical  and  the 
1/8-caliber  ogive  noses. 

4.1.2  Attached  cavitation.  Three  distinct  forms  of  attached 
cavitation  were  noted.  They  are: 

1)  band  cavitation, 

2)  fixed-patch  cavitation,  and 

3)  developed  cavitation. 

Band  cavitation  occurs  on  bodies  which  normally  exhibit  laminar  boundary 
layer  separation  in  noncavitati ng  flow.  The  cavity  generally  develops 


uniformly  about  the  body  a  short  distance  downstream  from  the  minimum 
pressure  point.  The  cavity  leading  edge  is  located  very  near  to  the 
site  of  laminar  boundary  layer  separation.  The  front  portion  of  band 
cavitation  generally  appears  to  be  transparent  and  divided  into  sections 
by  thin  liquid  partitions  running  parallel  with  the  flow.  These  walls 
continually  shift  within  the  cavity.  Just  downstream  of  the  clear- 
walled  portion,  the  cavity  surface  becomes  wavy  and  breaks  up  into 
myriads  of  frothy  bubbles.  A  sketch  of  typical  band  cavitation  as  it 
appears  on  an  arbitrary  headform  is  presented  in  Figure  18. 

Fixed-patch  cavities  are  similar  in  appearance  to  the  cavities 
described  in  travelling-patch  cavitation.  A  fixed-patch,  however, 
appears  to  be  attached  to  the  model  surface  at  one  or  more  points  on 
the  upstream  end  of  the  cavity.  From  the  attachment  point(s),  the 
cavity  fans  out  symmetrically  in  the  downstream  direction  and  terminates 
in  a  myriad  of  frothy  bubbles  which  trail  off  downstream.  The  front 
portion  of  the  cavity  close  to  the  vertex  is  transparent  as  with  band 
cavitation.  The  downstream  portion  of  the  cavity  appears  to  be  trans¬ 
lucent  with  wave  patterns  in  the  cavity  surface.  A  sketch  illustrating 
the  details  of  fixed-patch  cavitation  on  an  arbitrary  headform  is 
presented  in  Figure  19. 

Developed  cavitation  is  different  from  the  other  forms  of  attached 
cavitation  because  of  its  relatively  large  size.  The  presence  of  a 
developed  cavity  on  a  hydrodynamic  body  significantly  changes  the 
noncavitating  flow  characteristics.  The  leading  edge  of  the  cavity  is 
generally  located  near  the  site  of  minimum  pressure  about  the  body. 

The  length  of  a  developed  cavity  at  inception  or  desinence  may  vary 
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from  one  to  several  body  diameters.  A  sketch  of  a  typical  developed 
cavity  on  an  arbitrary  headform  is  presented  in  Figure  20. 

4.2  Presentation  of  Results  from  Cavitation  Observations 

4.2.1  Hemispherical  nose.  Three  types  of  cavitation  were  observed 
on  the  hemispherical  nose.  Transient  cavitation  in  the  forms  of 
travelling-bubble  and  bubble-ring  cavitation  and  attached  cavitation 
in  the  form  of  band  cavitation  were  noted  for  varying  values  of  free 
stream  velocity,  air  content,  and  cavitation  number. 

4.2. 1.1  Transient  cavitation.  Travelling-bubble  cavitation 
on  the  hemispherical  nose  occurred  at  the  lower  free  stream  velocities 
of  20.0  to  50.0  fps.  The  rate  of  cavitation  occurrences  increased 
significantly  as  the  velocity  was  decreased.  The  number  and  size  of 
free  stream  bubbles  in  the  test  section  also  increased  as  the  velocity 
and  static  pressure  of  the  tunnel  were  lowered.  Desinent  cavitation 
data  are  presented  in  Figure  21  for  total  air  contents  of  7.8  and 
11.0  ppm.  Preliminary  tests  showed  that  hysteresis  effects  on 
travelling-bubble  cavitation  were  not  significant.  It  is  apparent  from 
these  plots  that  travelling-bubble  cavitation. is  quite  sensitive  to 
total  air  content.  It  is  interesting  to  note  that  the  desinent  cavita¬ 
tion  number,  cr^,  shows  a  definite  decreasing  trend  with  an  increase  in 
free  stream  velocity.  This  form  of  cavitation  is  accompanied  by 
distinct  snapping  sounds  which  are  apparently  caused  by  the  individual 
cavities  collapsing  once  they  enter  regions  of  higher  pressure.  A 
photograph  of  travelling-bubble  cavitation  on  a  hemispherical  nose  is 
presented  in  Figure  22.  Here,  the  free  stream  velocity  is  30  fps,  the 


Limited  cavitation  data  versus  Um  for  various  types  of  cavitation  on 
a  2.0-in.  diameter  hemispherical°°nose  for  two  values  of  air  content. 


47 

cavitation  number  is  0.577,  and  the  air  content  is  9.2  ppm.  Several 
travelling  bubbles  can  be  seen  very  near  to  the  model  surface. 

A  second  type  of  transient  cavitation  observed  on  the  hemispheri¬ 
cal  nose  is  bubble-ring  cavitation.  Bubble-ring  cavitation  generally 
occurs  at  higher  free  stream  velocities  (40.0  to  70.0  fps).  It  appears 
as  macroscopic,  irregularly  shaped  bubbles  which  rapidly  appear  and 
disappear  within  a  very  narrow  region  around  the  headform  in  the 
vicinity  of  boundary  layer  reattachment.  Under  normal  lighting,  this 
type  of  cavitation  appears  as  a  fuzzy  ring  fixed  on  the  model.  A 
photograph  of  bubble-ring  cavitation  on  the  hemispherical  nose  is 
presented  in  Figure  23  for  a  free  stream  velocity  of  60.0  fps,  a 
cavitation  number  of  0.626,  and  an  air  content  of  9.5  ppm.  Desinent 
cavitation  data  for  bubble-ring  cavitation  are  also  presented  in 
Figure  21  for  air  contents  of  7.8  and  11.0  ppm.  Variation  in  air 
content  from  7.8  to  11.0  ppm  showed  very  little  effect  on  desinent 
cavitation  numbers.  For  very  low  air  contents  (less  than  4.0  ppm), 
however,  bubble-ring  cavitation  was  not  observed.  A  slight  increasing 
trend  in  for  increasing  free  stream  velocity  was  noted. 

4.2. 1.2  Attached  cavitation.  Attached  cavitation  occurred 
on  the  hemispherical  nose  in  the  form  of  well-defined  band  cavitation. 
Generally,  band  cavitation  is  the  only  type  of  attached  cavitation 
observed  on  the  hemispherical  nose  except  for  occasional  fixed-patch 
cavitation  attributed  to  dirt  on  the  model  surface.  A  photograph  of 
band  cavitation  on  a  hemispherical  nose  is  presented  in  Figure  24. 

The  free  stream  velocity  is  60.0  fps,  the  cavitation  number  is  0.61, 
and  the  air  content  is  9.2  ppm.  Typical  desinent  cavitation  data  for 
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Photograph  of  band  cavitation  on  the  hemispherical  nose.  Laminar  boundary 
layer  separation  is  present.  (U  =  60.0  fps,  a  =  0.610,  a  =  9.2  ppm) 
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band  cavitation  are  presented  in  Figure  21  for  air  contents  of  7.8 
and  11.0  ppm.  A  very  slight  increase  is  observed  in  with  increase 
in  velocity.  The  trends  in  cr^  with  free  stream  velocity  for  both  band 
cavitation  and  bubble-ring  cavitation  are  nearly  identical.  Desinent 
cavitation  numbers  for  band  cavitation  appear  to  be  nearly  insensitive 
to  air  content.  Hysteresis  effects  on  band  cavitation  are  considered 
to  be  insignificant  for  normal  values  of  air  content.  At  low  air 
content,  however,  particularly  when  bubble-ring  cavitation  has  been 
suppressed,  hysteresis  on  band  cavitation  becomes  quite  evident. 

Limited  bubble-ring  cavitation  occurs  at  cavitation  numbers 
slightly  higher  than  for  limited  band  cavitation.  When  bubble-ring 
cavitation  is  initially  established  around  the  headform,  a  slight 
lowering  of  pressure  will  cause  a  gradual  transformation  from  bubble¬ 
ring  cavitation  into  band  cavitation.  A  photograph  showing  this 
transformation  is  presented  in  Figure  25.  Here,  the  upper  portion  of 
the  model  has  band  cavitation  and  the  lower  portion  has  bubble-ring 
cavitation.  The  sequence  of  events  observed  for  transforming  bubble¬ 
ring  cavitation  into  band  cavitation  in  an  inception  test  is  the 
reverse  of  that  observed  in  a  desinence  test.-  The  initial  presence 
of  bubble-ring  cavitation  during  a  run  assures  the  gradual  development 
of  band  cavitation.  On  the  other  hand,  if  no  bubble-ring  cavitation 
occurs  first,  then  band  cavitation  may  either  develop  gradually  or 
suddenly  as  a  well-developed  cavity.  This  often  occurs  for  low  values 
of  air  content. 

Band  cavitation  is  also  influenced  by  the  presence  of  travelling- 
bubble  cavitation.  If  a  large  number  of  bubbles  pass  over  the  nose 


gure  25.  Photograph  showing  bubble-ring  cavitation  and 
the  hemispherical  nose.  (Uo  =  60.0  fps,  a  = 


when  band  cavitation  is  present,  the  band  has  been  observed  to  vanish 
and  only  travelling-bubble  cavitation  is  left.  Three  photographs 
showing  this  sequence  of  events  are  presented  in  Figures  26(a),  (b), 
and  (c).  Figure  26(a)  shows  an  increase  in  the  number  of  travelling 
bubbles.  The  third  photograph.  Figure  26(c),  taken  at  a  slightly 
lower  pressure,  shows  that  band  cavitation  has  been  eliminated  and  only 
myriads  of  travelling  bubbles  are  left.  This  sequence  was  taken  at  a 
free  stream  velocity  of  30  fps. 


4. 2. 1.3  Effect  of  a  boundary  layer  trip  on  cavitation 
characteristics.  As  shown  previously  by  Arakeri  and  Acosta  [16],  the 
placement  of  a  boundary  layer  trip  on  the  hemispherical  nose  resulted 
in  a  drastic  change  in  the  cavitation  characteristics  of  this  body. 

By  placing  a  thin  (0.007-in.)  wax  trip  on  the  model  at  about  30°  from 
stagnation,  the  boundary  layer  was  energized  enough  to  prevent  laminar 
boundary  layer  separation.  The  trip  was  effective  for  free  stream 
velocities  of  about  35.0  fps  and  higher.  With  separation  fully 
eliminated,  neither  bubble-ring  cavitation  nor  band  cavitation  was 
observed  on  the  model.  Transient  cavitation,  mostly  in  the  form  of 
travelling  bubbles,  was  the  only  form  of  cavitation  observed  on  the 
fully  tripped  hemispherical  nose.  Figure  27  shows  some  large  travel¬ 
ling  bubbles  sweeping  over  a  fully  tripped  hemispherical  model  at  the 
relatively  low  cavitation  number  of  0.266.  The  free  stream  velocity  is 
40.0  fps,  and  the  air  content  is  4.0  ppm.  To  emphasize  the  effective¬ 
ness  of  tripping  the  boundary  layer,  the  lower  half  portion  of  the 
trip  v/as  removed  from  the  model.  The  result  is  shown  in  Figure  28. 

Here  a  large  band  cavity  is  observed  on  the  bottom  half  of  the  model 


28.  Photograph  illustrating  the  effect  of  a  boundary  layer  trip  on  the  cavitation 
characteristics  of  a  hemispherical  nose.  Only  the  upper  portion  of  the  nose 
is  tripped.  (U  =  60.0  fps,  a  =  0.382,  a  =  4.0  ppm) 


where  the  boundary  layer  is  not  tripped  and  presumably  separating. 

On  the  upper  tripped  portion  of  the  model,  no  cavitation  is  seen 
whatsoever.  Occasionally,  travelling  bubbles  appeared  on  the  upper 
portion  of  the  model,  but  no  attached  cavities  were  observed.  The 
free  stream  velocity  is  60.0  fps,  the  cavitation  number  is  0.382,  and 
the  air  content  is  4.0  ppm.  Limited  cavitation  data  were  not  obtained 
for  the  tripped  hemispherical  nose.  However,  it  is  strongly  suspected 
that,  with  the  trip,  limited  cavitation  data  would  exhibit  the  same 
trends  as  transient  cavitation  on  a  body  whose  cavitation  character¬ 
istics  are  not  governed  by  laminar  boundary  layer  separation. 

4.2.2  Schiebe  nose.  Four  different  types  of  cavitation  were 
observed  on  the  Schiebe  nose.  Two  distinctly  different  forms  of 
transient  cavitation  were  noted,  namely,  travelling-bubble  cavitation 
and  travelling-patch  cavitation.  Attached  cavitation  appeared  in  the 
form  of  fixed-patch  cavitation  and  the  extreme  case  of  developed 
cavitation.  Cavitation  number  data  are  presented  in  Figure  29,  and 
photographs  are  shown  in  Figures  30  to  34. 

4. 2. 2.1  Transient  cavitation.  Both  transient  forms  of 
cavitation  (travelling-bubble  and  travelling-patch  cavitation)  gener¬ 
ally  appeared  simultaneously  on  this  model.  It  was  noted,  however, 
that  travel! ing-patch  cavitation  appeared  to  be  predominant  at  high 
velocities.  At  low  velocities,  travelling  bubbles  were  much  more 
numerous.  Both  types  are  signif icantly  affected  by  air  content  and 
increase  in  abundance  with  increased  air  content.  Figure  30  shows  a 
photograph  of  a  travelling-bubble  and  a  travelling-patch  cavitation 
occurring  simultaneously  on  the  Schiebe  nose.  The  free  stream 
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Photograph  of  a  travelling  bubble  with  large  lateral  tails  which  appear  to 
merge  together  (lower  center)  on  the  Schiebe  nose.  Above  is  a  fixed  patch 
and  below  is  a  travelling  patch.  (U  =  60.0  fps,  a  =  0.336,  a  =•  9.0  ppm) 


velocity  is  60.0  fps,  the  cavitation  number  is  0.365,  and  the  air 
content  is  9.0  ppm.  Desinent  cavitation  data  are  presented  collec¬ 
tively  for  both  types  of  transient  cavitation  in  Figure  29  for  air 
contents  of  3.0  and  9.0  ppm.  Both  curves  indicate  a  decreasing  trend 
in  with  free  stream  velocity.  Also  quite  evident  is  the  effect  of 
air  content  on  this  form  of  cavitation. 

Observations  of  an  intermediate  form  of  transient  cavitation 
suggest  that  travelling-patch  cavitation  is  actually  a  further 
developed  form  of  travelling-bubble  cavitation.  Occasionally, 
travelling  bubbles  were  observed  to  have  two  lateral  tails  which 
trailed  behind  the  bubble.  Closer  inspection  of  the  video  tapes 
revealed  an  entire  spectrum  of  travelling  bubbles  having  progressively 
more  developed  tails.  Apparently,  a  travelling  patch  is  one  in  which 
the  tails  are  quite  large  and  have  merged  together.  Figure  31  shows 
a  photograph  of  a  large  travelling  bubble  with  two  small  tails  occurring 
on  the  Schiebe  nose.  Figure  32  shows  a  photograph  of  what  appears  to 
be  a  travelling  bubble  whose  tails  are  quite  large  and  appear  to  have 
merged  together.  Its  appearance  begins  to  resemble  that  of  a  travelling 
patch  cavity  as  shown  in  Figure  30.  Also  in  the  photograph  (Figure  32) 
is  a  fixed-patch  cavity  on  top  of  the  body  and  a  travelling-patch 
cavity  on  the  underside.  The  cavitation  numbers  for  Figures  31  and  32 
are  0.365  and  0.336,  respectively.  For  both  cases,  the  free  stream 
velocity  is  60.0  fps  and  the  air  content  is  9.0  ppm. 

4. 2. 2. 2  Attached  cavitation.  As  mentioned  previously, 
attached  cavitation  on  the  Schiebe  nose  appeared  in  the  form  of 


fixed-patch  cavitation  and,  for  low  cavitation  numbers,  as  developed 
cavitation.  Fixed-patch  cavitation  on  the  Schiebe  nose  was  generally 
observed  for  higher  free  stream  velocities  of  50.0  to  70.0  fps.  For 
low  air  content  (about  3.0  ppm),  fixed-patch  cavities  would  appear 
evenly  arranged  about  the  circumference  of  the  model.  In  desinence, 
the  cavities  were  observed  to  shrink  with  increasing  pressure  to  a 
streamwise  length  of  approximately  0.5  body  diameters  and  then  dis¬ 
appear.  For  higher  air  contents  (about  9.0  ppm),  the  cavities  appeared 
to  be  much  more  unstable  and  continually  shifted  to  different  positions 
around  the  circumference  of  the  body.  In  desinence,  the  cavities  did 
not  appear  to  shrink  as  much  as  for  the  case  of  higher  air  content 
before  disappearing.  At  this  higher  air  content,  fixed-patch  cavitation 
was  observed  only  at  the  free  stream  velocity  of  70.0  fps.  Desinent 
cavitation  data  for  fixed-patch  cavitation  on  the  Schiebe  nose  is  pre¬ 
sented  in  Figure  30  for  air  contents  of  3.0  and  9.0  ppm.  A  definite 
increasing  trend  in  with  increase  in  free  stream  velocity  is  noted. 

It  is  also  apparent  that  od  decreases  with  an  increase  in  air  content. 

A  photograph  of  fixed-patch  cavitation  on  the  Schiebe  nose  is  presented 
in  Figure  33.  Three  cavities  arranged  evenly  about  the  circumference 
of  the  body  are  shown.  Here,  the  free  stream  velocity  is  60.0  fps, 
the  cavitation  number  is  0.361,  and  the  air  content  is  4.0  ppm. 

The  second  form  of  attached  cavitation  observed  on  the  Schiebe 
nose  is  that  of  developed  cavitation.  This  type  of  cavitation  has 
been  observed  to  form  gradually  when  either  fixed-patch  cavitation 
merges  together  or  myriads  of  transient  cavities  coalesce.  Developed 
cavitation  may  also  appear  very  suddenly  in  the  absence  of  any 
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precursor  cavities.  This  appearance  is  usually  at  low  air  contents 
and  is  accompanied  by  considerable  hysteresis  effects.  A  photograph 
of  developed  cavitation  on  the  Schiebe  nose  is  presented  in  Figure  34 
for  a  free  stream  velocity  of  60.0  fps,  a  cavitation  number  of  0.355, 
and  an  air  content  of  9.0  ppm.  Desinent  cavitation  data  are  presented 
in  Figure  29  for  air  contents  of  3.0  and  9.0  ppm.  The  desinent  cavita¬ 
tion  number  increases  strongly  with  free  stream  velocity,  but  is  not 
affected  by  air  content. 

4.2.3  DTNSRDC  nose 

4.2.3. 1  Transient  cavitation.  Both  forms  of  transient 
cavitation,  namely,  travelling-bubble  cavitation  and  travelling-patch 
cavitation,  were  observed  on  the  DTNSRDC  nose.  As  with  the  Schiebe 
nose,  travelling-patch  cavitation  was  more  abundant  at  high  velocities 
and  travelling  bubbles  prevailed  at  low  velocities.  Travelling  bubbles 
with  lateral  tails,  believed  to  be  underdeveloped  travelling  patches 
as  described  earlier,  were  also  observed  on  the  DTNSRDC  nose.  No 
differences  were  noted  in  the  transient  cavitation  characteristics 
between  subcritical  separating  flow  and  supercritical  nonseparating 
flow  for  the  DTNSRDC  nose.  Figure  35  shows  a  photograph  of  profuse 
travelling-bubble  cavitation  on  the  DTNSRDC  nose  for  a  free  stream 
velocity  of  25.0  fps,  a  cavitation  number  of  0.573,  and  an  air  content 
of  9.0  ppm.  In  a  photograph  of  the  DTNSRDC  nose.  Figure  36,  is  shown  a 
travelling  bubble  with  two  large  lateral  tails  and  a  regular  travelling 
bubble  below  it.  The  free  stream  velocity  is  also  25.0  fps,  the 
cavitation  number  is  0.355,  and  the  air  content  is  4.0  ppm.  Figure  37 
is  a  photograph  of  a  travelling  patch  and  a  small  travelling  bubble  on 
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Photograph  of  a  travelling  bubble  with  lateral  tails  on  the  DTNSRDC 
A  travelling  bubble  is  also  present.  (U  =  25.0  fps,  o  =  0.355,  a 
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the  DTNSRDC  nose  for  a  free  stream  velocity  of  50.0  fps,  a  cavitation 
number  of  0.525,  and  an  air  content  of  9.0  ppm.  Desinent  cavitation 
data  for  transient  cavitation  on  the  DTNSRDC  nose  are  presented 
collectively  in  Figure  38  for  air  contents  of  3.0  and  8.0  ppm.  As 
with  the  Schiebe  nose  and  the  hemispherical  nose,  these  data  show  a 
decreasing  trend  with  an  increase  in  free  stream  velocity  and  a  strong 
correlation  with  air  content. 

4. 2. 3. 2  Attached  cavitation.  All  cavitation  types  observed 
on  the  DTNSRDC  nose  were  the  same  as  those  observed  on  the  Schiebe  nose 
with  the  addition  of  band  cavitation  which  occurred  on  the  DTNSRDC  nose 
at  low  free  stream  velocities.  At  25.0  and  30.0  fps,  band  cavitation 
was  observed  well  downstream  on  the  DTNSRDC  nose  near  the  theoretically 
determined  location  of  laminar  boundary  layer  separation.  The  appear¬ 
ance  of  band  cavitation  on  the  DTNSRDC  nose  was  much  more  unstable 
and  not  as  well  defined  as  band  cavitation  on  the  hemispherical  nose. 
Also,  bubble-ring  cavitation  which  often  preceded  band  cavitation  on 
the  hemispherical  nose  was  not  observed  on  the  DTNSRDC  nose.  A 
photograph  of  band  cavitation  on  the  DTNSRDC  nose  is  presented  in 
Figure  39  for  a  free  stream  velocity  of  25.0  'fps,  a  cavitation  number 
of  0.305,  and  a  air  content  of  4  ppm.  Desinent  cavitation  data  are 
given  in  Figure  38  for  air  contents  of  3.0  and  8.0  ppm.  No  trend 
in  with  velocity  could  be  determined  because  of  the  limited  free 
stream  velocity  range.  Desinent  cavitation  numbers  appear  to  decrease 
slightly  with  increased  air  content.  For  high  air  content,  when  many 
free  stream  bubbles  were  present,  transient  cavitation  was  abundant  and 
no  band  cavitation  was  observed.  As  described  earlier,  this  situation 
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Figure  38.  Limited  cavitation  data  versus  for  various  types  of  cavitation 
on  a  2.0-in.  diameter  DTNSRDC  nose  for  two  values  of  air  content. 
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Figure  39.  Photograph  of  band  cavitation  on  the  DTNSRDC  nose.  Laminar  boundary 
layer  separation  is  present.  (U  =  25.0  fps,  o  =  0.305,  a  =  4.0  ppm) 


may  be  similar  to  the  elimination  of  band  cavitation  by  the  presence 
of  transient  cavitation  on  the  hemispherical  nose. 

Other  types  of  attached  cavitation  on  the  DTNSRDC  nose  included 
fixed-patch  cavitation  and  developed  cavitation.  The  appearance  and 
characteristics  of  these  two  types  of  cavitation  were  essentially  the 
same  as  those  observed  on  the  Schiebe  nose.  A  photograph  of  fixed- 
patch  cavitation  on  the  DTNSRDC  nose  is  presented  in  Figure  40. 
Several  cavities  are  shown  to  be  positioned  evenly  around  the  circum¬ 
ference  of  the  model.  The  free  stream  velocity  is  60.0  fps,  the 
cavitation  number  is  0.546,  and  the  air  content  is  4.0  ppm.  Fixed- 
patch  cavitation  was  somewhat  more  predominant  on  the  DTNSRDC  nose 
than  on  the  Schiebe  nose  under  similar  test  conditions.  Desinent 
cavitation  data  for  fixed-patch  cavitation  on  the  DTNSRDC  nose  are 
presented  in  Figure  38.  As  on  the  Schiebe  nose,  the  desinent 
cavitation  number  increased  strongly  with  velocity  and  decreased 
with  increased  air  content.  Fixed-patch  cavitation  appeared  to  be 
somewhat  more  stable  for  higher  velocities.  For  low  air  contents 
fixed-patch  cavitation  was  able  to  persist  at  lower  velocities. 

Free  stream  bubbles  and  transient  cavitation  .appeared  to  cause  fixed- 
patch  cavitation  to  become  unsteady  and  to  shift  erratically  about 
the  model. 

A  photograph  of  developed  cavitation  on  the  DTNSRDC  nose  is 
presented  in  Figure  41  for  a  free  stream  velocity  of  40.0  fps,  a 
cavitation  number  of  0.412,  and  an  air  content  of  9.0  ppm.  Desinent 
cavitation  data  are  presented  in  Figure  38.  The  desinent  cavitation 
number  increases  strongly  with  velocity,  but  shows  little  change  with 
variation  in  air  content. 


Photograph  of  fixed-patch  cavitation  (four  cavities)  on  the 
DTNSRDC  nose.  (U  =  60.0  fps,  a  =  0.412,  a  =  9.0  ppm) 


Photograph  of  developed  cavitation  of  the  DTNSRDC  nose 


77 


CHAPTER  5 

DISCUSSION  OF  CAVITATION  OBSERVATIONS 

5.1  Travelling  Cavitation 

Travelling  cavitation  was  the  most  commonly  observed  form  of 
cavitation  in  the  present  investigation.  Several  notable  charac¬ 
teristics  are  listed  below: 

1.  Travelling  cavitation  showed  no  apparent  correlation  with  a 
particular  boundary  layer  status  (i.e.,  separated,  attached, 
laminar,  or  turbulent).  This  type  of  cavitation  was  observed 
on  all  three  models  in  the  present  investigation. 

2.  The  value  of  the  limited  cavitation  number,  o^,  for  travelling 

cavitation  was  significantly  influenced  by  air  content. 

Particularly  at  low  velocities,  increasing  the  air  content 

may  raise  o0  to  a  value  approaching  | Cp  I  of  the  body. 
x-  rmi  n 

3.  The  value  of  for  travelling  cavitation  was  observed  to 
decrease  with  an  increase  in  free  stream  velocity  in  most 
cases. 

4.  Two  different  types  of  travelling  cavitation  were  observed, 
namely,  travelling-bubble  and  travelling-patch  cavitation. 
Travelling-bubble  cavitation  predominated  at  limited 
cavitation  conditions  corresponding  to  low  free  stream 
velocities.  At  these  low  velocities,  for  values  of  o  less 
than  o  ,  travelling-patch  cavitation  was  observed.  As  free 
stream  velocity  was  increased,  for  travelling  cavitation 
was  shown  to  decrease.  At  limited  cavitation  conditions 
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corresponding  to  higher  velocities  and  lower  values  of  a  , 
travelling-patch  cavitation  predominated. 

5.1.1  Characteristics.  The  observed  characteristics  of  travel¬ 
ling  cavitation  in  the  present  investigation  are  consistent  with  the 
work  of  Schiebe  [20],  who  reports  that  the  formation  of  travelling 
cavitation  is  largely  controlled  by  the  number  and  size  of  nuclei  in 
the  free  stream.  A  similar  conclusion  is  reported  by  Gates  [13]. 
Therefore,  if  the  nuclei  population  of  two  water  tunnel  facilities  are 
very  different,  then  one  could  expect  to  see  differences  between  the 
travelling  cavitation  on  the  same  model  when  tested  in  both  facilities. 
In  particular,  differences  should  be  evident  in  the  results  of 
cavitation  tests  performed  in  tunnel  facilities  with  and  without 
resorbers.  A  very  important  example  is  the  High  Speed  Water  Tunnel 
facility  at  the  California  Institute  of  Technology.  This  tunnel  is 
equipped  with  a  resorber  to  minimize  the  amount  of  free  gas  in  the 
water.  It  is  interesting  to  note  that  travelling  cavitation  is 
seldom  observed  in  this  facility  [10]. 

The  fact  that  aB  for  travelling  cavitation  approaches  |Cp  .  I  for 

mi  n 

increasing  air  content  (or  increase  in  nuclei-  population)  is  also 
reported  by  Gates  [13].  In  his  investigation,  an  increase  in  the 
free-gas  content  (total  gas  content  remaining  constant)  resulted  in 
an  increase  in  the  incipient  cavitation  number.  Arakeri  and  Acosta 
[15]  gave  similar  results  for  their  electrolysis  tests  on  an  ITTC 
nose.  By  providing  cavitation  nuclei  through  electrolysis,  they  were 
able  to  produce  cavitation  at  a  cavitation  number  significantly  greater 
than  o„  but  less  than  I Cp  .  |. 

X.  r  mi  n 
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The  decreasing  trend  in  a ^  with  free  stream  velocity  for  travelling 
cavitation  is  consistent  with  the  results  reported  by  both  Van  der 
Meulen  [17],  who  tested  a  10-mm  (0.394-in.)  diameter  Schiebe  nose,  and 
Schiebe  [20],  from  tests  on  a  0.625-in.  diameter  ITTC  nose.  Brockett 
[21]  reported  a  slight  increasing  trend  in  with  velocity  for 
travelling  cavitation  on  a  2.0-in.  diameter  DTNSRDC  nose.  His  data, 
however,  covered  the  very  small  free  stream  velocity  range  of  15.0  to 
24.0  fps.  A  larger  variation  in  free  stream  velocity  would  have, 
perhaps,  produced  data  showing  the  reverse  trend. 


5.1.2  Estimates  for  free  stream  nuclei  size.  Travelling  cavita¬ 
tion  occurs  as  the  result  of  nuclei  in  the  free  stream.  The  tendency 
of  a  nucleus  to  cavitate  is  determined  largely  by  the  cavitation  number, 
a,  and  the  initial  radius,  Rq  .  Consider  a  bubble  which  is  in  static 
equilibrium  with  the  liquid  around  it.  The  internal  pressure,  due  to 
the  vapor  of  the  liquid  and  the  noncondensable  gasses,  is  balanced  by 
by  the  external  pressure,  due  to  surface  tension  and  local  ambient 
pressure.  The  resulting  equilibrium  equation  for  a  bubble  in  a  liquid 
is 


P..  +  P  r 


(6) 


where 

Pv  =  vapor  pressure  inside  the  bubble, 

PQ  =  pressure  of  any  noncondensable  gasses  in  the  bubble, 
Y  =  surface  tension, 

R  =  radius  of  the  bubble,  and 

P^  =  local  pressure  of  the  liquid  surrounding  the  bubble. 
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If  the  noncondensable  gas  is  assumed  to  be  an  ideal  gas  at  isothermal 
conditions,  we  may  write 


P 


G 


(7) 


where  K  is  a  constant  and  the  amount  of  gas  is  assumed  to  be  fixed. 
Substituting  Equation  (7)  into  Equation  (6)  and  rearranging  one 
obtains 


P 


L 


JK_  2y_ 

R3  "  «  ' 


(8) 


The  critical  radius,  R  -t,  is  found  by  setting  the  derivative 
[d(P^  -  Pv)/dR]  equal  to  zero.  This  yields 


=  3  K 

crit  2  y  * 


(9) 


Substituting  Equation  (9)  into  Equation  (8)  one  gets  the  general 
equation  for  the  critical  radius: 


R 


=  1 
crit  3 


(10) 


A  more  complete  discussion  of  bubble  growth  is  presented  in  reference 
[22].  With  Equation  (10),  one  can  calculate  the  size  of  a  bubble  which 
is  in  static  equilibrium  in  a  liquid  at  the  specified  local  pressure, 
P^.  It  is  assumed  that  bubbles  having  radii  larger  than  R  ...j.  are 
candidates  for  vaporous  growth  (i.e.,  cavitation).  For  our  purposes, 
we  will  assume  that  vaporous  growth  also  occurs  for  nuclei  whose  sizes 
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are  equal  to  Rcn-t*  By  specifying  (P^  -  P  )  according  to  the  minimum 

pressure  of  the  model  at  the  experimentally  determined  conditions  of 

limited  travelling  cavitation,  one  obtains  an  estimate  of  the  size 

(Rcrif)  °f  nuclei  which  will  produce  travelling  cavitation  at  conditions 

of  limited  cavitation  on  the  model.  Equation  (10)  is  modified  slightly 

to  employ  the  experimental  values  of  a.  and  Cp  ,  thereby  specifying 

^  rmm 

the  quantity  (P^  -  Py).  The  resulting  equation  is 


crit 


ip  U 

2  a 


:(|cP| 


mm1 


(ID 


It  is  further  assumed  that  the  nuclei  which  cavitate  at  conditions  of 
limited  travelling  cavitation  are  typically  the  largest  nuclei  present 
in  the  free  stream  at  those  conditions.  This  is  a  reasonable  assump¬ 
tion,  since  all  nuclei  smaller  than  Rcrit  will  not  cavitate  at  the 
specified  value  of  a  and  since  nuclei  larger  than  R  ^  should  cavitate 
at  a  value  of  a  correspondingly  higher  than  a^.  Therefore,  we  have 


and,  finally, 


R  ..  =  R 
crit  max 


(12) 


(13) 


where  R  represents  the  upper  limit  for  nuclei  size  in  the  free 
max 

stream. 

Values  of  R  have  been  calculated  according  to  Equation  (13) 
max  3 

using  travelling  cavitation  data  for  the  three  models  of  the  present 


investigation.  The  results  are  presented  in  Figure  42.  Two  plots  of 
Rm„„  versus  U  are  given  for  each  model  corresponding  to  different 
air  contents.  These  data  suggest  that,  as  the  free  stream  velocity 
was  decreased  from  70.0  to  20.0  fps  during  a  routine  limited  cavitation 
test,  the  size  of  the  largest  (or  most  cavitation-prone)  free  stream 
nuclei  in  the  test  section  increased  by  over  two  orders  of  magnitude. 
Visual  observations  of  free  stream  bubbles  in  the  test  section  during 
the  course  of  a  cavitation  test  also  indicated  that  their  size  and 
number  increased  significantly  as  the  free  stream  velocity  was 
decreased.  The  data  from  tests  having  similar  air  contents  suggest 
that,  at  a  given  velocity,  a  relatively  small  range  of  nuclei  sizes 
was  involved  with  limited  travelling  cavitation  on  the  three  different 
models. 

Van  der  Meulen  [17],  Schiebe  [20],  and  Brockett  [21]  also  reported 

limited  cavitation  data  for  travelling  cavitation  on  a  10-mm  (0.394-in.) 

diameter  Schiebe  nose,  a  0.624-in.  diameter  ITTC  nose,  and  a  2.0-in. 

diameter  DTNSRDC  nose,  respectively.  Values  of  R  were  calculated 

r  max 

for  these  three  sets  of  data  and  are  also  plotted  in  Figure  42.  The 
data  all  fall  within  a  relatively  narrow  band  which  is  quite  remark¬ 
able,  since  they  represent  several  different  models,  test  facilities, 
and  cavitation  calling  techniques.  The  variation  in  R  with  free 
stream  velocity  for  the  different  data  sets  is  quite  consistent  and 
suggests  a  universal  shift  in  nuclei  size  with  tunnel  velocity  for 
several  different  facilities.  It  is  interesting  to  note  that  none  of 
the  tunnel  facilities  considered  here  have  resorbers.  The  high-speed 
water  tunnel  at  CIT,  however,  is  equipped  with  a  resorber  and 


travelling  cavitation  is  rarely  seen  in  this  facility,  as  mentioned 
previously.  It  seems  likely  that  values  of  R  calculated  for  limited 

ITldX 

travelling  cavitation  data  from  this  facility  would  fall  well  below  the 
band  of  data  in  Figure  42. 

The  accuracy  of  the  aforementioned  calculations  is  not  readily 
known.  It  is  felt,  however,  that  the  results  are  significant  in  a 
qualitative  sense.  They  suggest  that  limited  travelling  cavitation 
characteristics  of  any  model  may  be  predicted  from  the  cavitation  data 
from  just  one  arbitrary  model  tested  in  the  same  facility.  Also,  the 
results  of  calculations  using  cavitation  data  from  different  test 
facilities  may  provide  a  comparison  of  the  nuclei  characteristics  of 
the  different  facilities.  The  above  generalities  are  presented  without 
substantial  experimental  evidence  and,  therefore,  are  not  conclusive. 

To  make  these  calculations  more  meaningful  provision  should  be  made  to 
account  for  the  effects  of  model  diameter  and  air  content. 

5.1.3  Theoretical  modelling  of  travelling  cavitation.  The  idea 
that  the  largest  or  most  cavitation-prone  nuclei  in  the  free  stream 
vary  in  size  with  tunnel  velocity,  as  previously  discussed,  may  be 
useful  in  theoretical  studies  of  cavitation.  .  Several  attempts  have 
been  made  in  previous  investigations  to  model  the  physical  process  of 
travelling  cavitation.  Nuclei  of  specified  size  were  theoretically 
swept  through  the  pressure  distribution  of  a  given  model,  and  the 
growth  of  the  nuclei  was  predicted.  Generally,  the  state  of  limited 
cavitation  was  determined  by  the  growth  of  nuclei  from  a  prescribed 
initial  radius,  R . ,  to  a  prescribed  final  radius,  Rf.  These  initial 
and  final  radii  remained  fixed  for  all  free  stream  velocities. 
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See,  for  example,  Holl  and  Kornhauser  [23].  The  results  always 
indicated  that  increased  with  free  stream  velocity.  This  trend, 
however,  is  inconsistent  with  limited  travelling  cavitation  data 
from  the  present  investigation. 

For  theoretical  considerations,  the  process  of  travelling  cavita¬ 
tion  formation  was  simplified  to  that  of  a  single  spherical  bubble 
responding  to  a  spherically  symmetric  pressure  field  in  a  liquid.  The 
liquid  was  assumed  to  be  irrotational  and  incompressible.  The  dynamic 
behavior  of  the  bubble  is  described  by  the  Raylei gh-Plesset  equation 
given  by 


Pv'TR>  +  PG 


2y  4uR 
"  R  "  R 


(14) 


where 

R  =  bubble  radius; 

•  riD 

R  =  -jjr,  radial  velocity  of  bubble  wall  (t  =  time); 
d2R 

R  =  - —  ,  radial  acceleration  of  bubble  wall; 
dt2 

PL  =  density  of  surrounding  liquid; 

Pv  =  vapor  pressure; 

Tr  =  temperature  at  the  bubble  wall; 

Pq  =  pressure  of  noncondensable  gas  within  the  bubble; 
P^  =  pressure  of  surrounding  liquid; 
y  =  surface  tension;  and 

y  =  coefficient  of  viscosity  of  surrounding  liquid. 


This  equation  is  discussed  in  greater  detail  by  Hsieh  [24].  For  a 
flowing  system  and  for  an  isothermal  process,  Equation  (14)  reduces  to 


RR  +  |  R2  =  i  P„  -  Q  M  + 
2  PL  |  G  R  R 


cp(t) 


(15) 


where  Cp(t)  is  a  time-dependent  pressure  coefficient  corresponding  to 
the  pressure  history  of  a  bubble  travelling  over  the  model  surface. 

The  numerical  solution  of  Equation  (15)  is  discussed  in  reference  [23]. 

By  giving  constant  initial  values  to  R.  and  R^,  Holl  and 
Kornhauser  calculated  values  of  o0  for  travelling  cavitation  for 
three  different  velocities.  As  mentioned  previously,  however,  the 
calculated  values  of  a ^  increased  with  an  increase  in  free  stream 
velocity,  which  is  opposite  to  the  experimental  trend  observed  in  the 
present  investigation  for  transient  cavitation.  A  possible  resolution 
of  this  problem  would  be  to  decrease  the  value  R^  for  increasing  free 
stream  velocity  as  suggested  by  the  general  trend  of  R  with  velocity, 
shown  in  Figure  42.  An  even  more  direct  method  would  be  to  base  R.  on 
measured  nuclei  data. 

5.1.4  Travelling-bubble  and  travelling-patch  cavitation.  The 
development  of  two  different  types  of  travelling  cavitation  was  pre¬ 
sumably  determined  by  cavitation  number,  nuclei  size,  and  distance 
(of  nuclei)  from  the  model  surface.  Travell ing-bubble  cavitation  was 
observed  to  predominate  at  limited  cavitation  conditions  corresponding 
to  lower  velocities,  although  it  was  occasionally  observed  at  high 
velocities.  At  low  free  stream  velocities,  the  free  air  content 
tended  to  be  higher  because  the  tunnel  static  pressure  was  low. 


d 
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The  result  was  an  increase  in  the  number  and  size  of  free  stream  nuclei. 
Cavitation  inception  occurred  at  values  of  which  approached  |Cp  -J, 
which  indicated  that  tensions  in  the  water  were  relatively  small.  On 
the  other  hand,  travelling-patch  cavitation  was  predominant  at  limited 
cavitation  conditions  at  higher  velocities  and  correspondi ngly  lower 
cavitation  numbers.  The  number  and  size  of  free  stream  nuclei  were 
significantly  lower  for  this  case,  and  liquid  tensions  were  correspond¬ 
ingly  higher.  At  30.0  fps,  travelling-bubble  inception  occurred  on 
the  Schiebe  nose  at  a  calculated  tension  of  -0.75  psia  (corresponding 
to  the  minimum  pressure).  In  comparison,  at  70  fps,  travelling-patch 
inception  was  observed  for  a  tension  of  -9.38  psia.  This  suggests  that 
much  greater  tensions  are  required  to  produce  travelling-patch 
cavitation.  The  occurrence  of  travelling  bubbles,  together  with 
travelling-patch  cavitation  (Figures  29  and  37)  and  the  observations 
of  partially  developed  travelling-patch  cavitation  (Figures  31  and  36), 
may  be  explained  if  one  considers  nuclei  size  and/or  distance  from  the 
model  surface.  An  extremely  small  nucleus  or  one  that  is  relatively 
far  from  the  model  may  not  experience  low  enough  local  pressures  to 
develop  into  a  travelling  patch.  It  is  also  .noted  that,  for  these 
figures,  the  cavitation  number  is  less  than 

Subsequent  high-speed  motion  pictures  of  travelling  cavitation 
on  a  Schiebe  nose  were  taken  by  David  R.  Stinebring  of  the  Applied 
Research  Laboratory.  The  free  stream  velocity  was  30  fps.  Large 
numbers  of  travelling  bubbles,  emerging  very  close  to  the  minimum 
pressure  location,  growing  as  they  moved  downstream,  and  then 
collapsing,  were  observed.  The  development  of  what  appeared  to  be 


a  travelling  patch  was  also  observed.  Initially,  it  resembles  a 
travelling  bubble.  As  it  grew  and  moved  downstream,  it  appeared  to 
drag  along  the  model  surface  and  thereby  form  a  tail.  The  cavity 
continued  to  elongate  and  the  spherical  front  portion  broke  off.  The 
remaining  cavity  then  moved  downstream  and  collapsed.  A  series  of 
sketches  are  presented  in  Figure  43  showing  the  apparent  development 
of  a  travelling  patch. 

5.2  Attached  Cavitation 

5.2.1  Band  cavitation.  The  following  characteristics  of  band 
cavitation  were  noted: 

1.  Band  cavitation  is  controlled  by  the  presence  of  laminar 
boundary  layer  separation. 

2.  The  limited  cavitation  number  for  band  cavitation  increased 
slightly  with  free  stream  velocity.  Band  cavitation  appears 
to  scale  reasonably  well  with  the  magnitude  of  pressure 
coefficients  associated  with  the  location  of  the  separated 
region. 

3.  The  limited  cavitation  number  for  ba'nd  cavitation  is 
essentially  insensitive  to  changes  in  free  stream  air 
content. 

4.  Band  cavitation  inception  was  occasionally  preceded  by 
the  development  of  a  second  type  of  separation-controlled 
cavitation,  namely,  bubble-ring  cavitation. 


Figure  43.  Sketches  suggesting  the  development  of  travelling-patch 
cavitation.  From  observations  of  high-speed  movies  of 
transient  cavitation  on  a  Schiebe  nose. 
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5.2. 1.1  Characteristics  of  band  cavitation.  Band  cavitation 
occurs  on  ax i symmetric  bodies  which  exhibit  laminar  boundary  layer 
separation.  This  result  was  originally  reported  by  Arakeri  and  Acosta 
[15],  then  later  by  Van  der  Meulen  [17],  and  by  Gates  [13].  In  the 
present  investigation,  band  cavitation  was  observed  on  the  hemispherical 
nose  and  the  DTNSRDC  nose.  The  fact  that  both  of  these  models  exhibit 
laminar  boundary  layer  separation  was  experimentally  verified  by 
Gates  [13]. 

Conversely,  no  band  cavitation  was  observed  if  laminar  boundary 
layer  separation  was  not  present  on  the  model.  The  following  models 
and  test  conditions  are  cited  as  experimental  verification  of  this 
observation: 

1)  the  hemispherical  nose  with  a  boundary  layer  trip  to  remove 
separation, 

2)  the  OTNSRDC  nose  at  super-critical  Reynolds  numbers,  and 

3)  the  Schiebe  nose  at  all  test  velocities  (natural  separation 
does  not  occur). 

It  was  also  noted  that  the  occurrence  of  a  large  number  of  transient 
cavities  on  the  hemispherical  nose  in  the  presence  of  band  cavitation 
brought  about  the  elimination  of  band  cavitation  as  shown  in  Figures 
26(a),  (b),  and  (c).  Similarly,  on  the  DTNSRDC  nose,  it  was  noted 
that  band  cavitation  could  not  be  achieved  at  moderately  high  air 
contents.  In  fact,  a  more  stable  band  cavity  rould  be  obtained  on 
the  DTNSRDC  body  by  testing  at  relatively  low  air  contents.  A 
similar  effect  of  free  stream  nuclei  on  band  cavitation  on  both  the 
hemispherical  and  DTNSRDC  noses  was  reported  by  Gates  [13]. 
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Band  cavitation  on  the  hemispherical  nose  had  a  very  well-defined, 

steady  appearance  (see  Figure  24).  In  contrast,  on  the  DTNSRDC  nose, 

band  cavitation  appeared  very  irregular  and  unstable  (see  Figure  39). 

This  difference  in  appearance  is  presumably  the  result  of  boundary 

layer  separation  being  more  strongly  imposed  on  the  hemispherical 

nose.  Similarly,  Gates  [13]  found  laminar  separation  on  the  DTNSRDC 

nose  to  be  quite  sensitive  to  changes  in  the  level  of  free  stream 

turbulence,  whereas  laminar  separation  on  the  hemispherical  nose  was 

not  affected.  These  results  were  not  really  surprising  since  the 

critical  Reynolds  numbers,  Ren  ,  ,  for  the  two  bodies  differ  by  an 

order  of  magnitude.  For  cavitation  tests,  the  highest  velocity  on 

the  hemispherical  nose  corresponded  to  0.23  Ren  .  In  comparison, 

ucri  t 

the  highest  velocity  for  band  cavitation  on  the  DTNSRDC  nose  (30.0 
fps)  corresponded  to  a  Reynolds  number  equal  to  the  critical  Reynolds 
number  calculated  for  the  body.  (This  observation  suggests  that  the 
calculated  ReDcrjt  T°r  the  DTNSRDC  nose  may  be  somewhat  low.) 

5.2. 1.2  Scaling  of  for  band  cavitation.  Arakeri  and 

Acosta  [15],  using  Schlieren  photography,  showed  that  laminar  boundary 
layer  separation  is  closely  associated  with  the  inception  of  band 
cavitation.  They  suggested  equating  to  the  pressure  coefficient  at 
the  location  of  boundary  layer  separation,  Cp^,  to  give 

o^(band)  =  j  Cps |  .  (16) 

In  Figure  44,  pressure  coefficients  and  cavitation  numbers  for  band 
cavitation  on  a  hemispherical  nose  are  compared.  Two  sets  of 
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Figure  44.  Comparison  of  limited  band  cavitation  data  with 
(theoretical  and  measured)  and  -Cp  (measured). 
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cavitation  data  are  presented  from  investigations  by  Arakeri  and 
Acosta  [15]  and  Gates  [13].  Also  presented  are  the  averaged  values 
of  for  the  tests  at  two  air  contents  from  this  investigation.  In 
addition,  three  sets  of  pressure  coefficient  data  are  presented,  i.e., 
the  theoretical  value  of  Cp  ,  and  the  measured  values  of  CD  and  CD 
from  Figure  49.  It  is  seen  that  the  cavitation  data  obtained  in  this 
investigation  are  approximated  fairly  well  by  the  relationship 


whereas 


a£(band)  s 


meas 


(17) 


cr£(band)  < 


Cp 

^meas 


(18) 


In  order  to  compare  the  CIT  data  of  Arakeri,  Acosta,  and  Gates  with 

the  ARL  data  from  this  investigation,  it  is  necessary  to  increase  the 

incipient  cavitation  numbers  by  approximately  8.5  percent  in  order  to 

correct  for  blockage.  The  CIT  data  are  thus  generally  higher  than 

the  ARL  data,  and  the  reasons  for  these  discrepancies  have  not  been 

explained.  Generally,  the  measured  coefficients,  Cp-  and  Cp  , 

^rneas  ‘-meas 

would  not  be  available,  whereas  one  can  in  principle  obtain  Cp^  by 
theoretical  means.  Thus,  comparing  all  data  for  the  blocked  state 
indicates  that,  in  most  cases,  the  cavitation  number  satisfies  the 
relation 


o£(band)  < 


|Cp$(theoretical )  | 


(19) 


Although  fewer  data  were  obtained  for  limited  band  cavitation  on  the 
DTNSRDC  nose,  the  above  relation  was  also  satisfied  for  this  nose. 
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5.2. 1.3  Effects  of  air  content  on  band  cavitation.  The 
relative  insensitivity  of  a ^  to  variation  in  air  content  for  band 
cavitation  agrees  with  the  early  findings  of  Parkin  and  Kermeen  [10], 
and  the  recent  results  of  Gates  [13].  Two  small  effects  were  noted, 
however,  which  suggest  that  air  content  does  influence  band  cavitation. 
For  high  air  contents  which  result  in  a  large  free  stream  nuclei 
population,  a  slight  reduction  in  o^  was  observed  for  band  cavitation. 
This  effect  was  generally  observed  at  low  free  stream  velocities. 

Also,  band  cavitation  has  been  observed  to  disappear  in  the  presence 

of  many  travelling  bubbles  as  discussed  earlier  [see  Figures  26(a), 

(b),  and  (c)].  The  second  effect  was  a  noted  increase  in  hysteresis 
for  band  cavitation  at  low  air  contents.  This  point  will  be  discussed 
in  greater  detail  subsequently. 

5. 2. 1.4  Bubble-ring  cavitation.  Bubble-ring  cavitation, 
which  was  observed  only  on  the  hemispherical  nose  in  the  present 
investigation,  is  generally  associated  with  band  cavitation.  Both 
bubble-ring  and  band  cavitation  are  controlled  by  laminar  boundary 
layer  separation.  Bubble-ring  cavitation  occurs  in  the  reattachment 
region  where  large  turbulent  fluctuations  have  been  reported  in 
references  [25],  [26],  and  [27].  In  the  present  investigation,  for 
bubble-ring  cavitation  was  always  greater  than  for  band  cavitation 
by  approximately  a  constant  value,  which  was  usually  n"  greater  than 
0.03  (refer  to  Figure  21).  Therefore,  we  can  say 
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^(bubble-ring)  =  a^(band)  +  A  a  ,  (20) 

where  A  a  =  0.03.  If  we  use  the  correlation  a^(band)  =  |Cp<-|  as 
discussed  previously,  and  relate  Ao  to  the  fluctuating  pressures  of 
reattachment  (Ao  =  ] Cp • 1 ,  where  Cp1  =  P ' / 1/2 p  U  2,  and  P‘  is  the 

1  I  ys  '  ■  p  f  00  P 

instantaneous  pressure  fluctuation  at  reattachment),  we  may  write 

p' 

a. (bubble-ring)  =  a.(band)  +  j — — ~  (21) 

2  °° 

or 

P' 

(^(bubble-ring)  =  Cp  +  -j — .  (22) 

S  2P  Uoo 

Measurements  of  the  pressure  fluctuations  at  reattachment  were 
performed  on  a  hemispherical  nose  in  the  present  investigation  and 
will  be  discussed  in  Chapter  7. 

Several  tests  were  performed  to  determine  the  effect  of  air 
content  on  bubble-ring  cavitation.  The  results  showed  some  rather 
interesting  effects  of  both  air  content  and  water  temperature  on 
bubble-ring  cavitation  formation.  Generally;  bubble-ring  cavitation 
was  observed  for  all  air  contents  from  4.0  to  the  upper  limit  of 
12.0  ppm.  No  bubble-ring  cavitation  was  observed  for  values  less 
than  4.0  ppm.  Its  appearance  with  regard  to  number  and  density  of 
individual  cavities  and  overall  steadiness  of  the  ring  formation 
many  times  differed  from  one  test  to  the  next  and  often  showed  no 
correlation  with  a  change  in  air  content.  In  separate  cavitation 
tests  at  nearly  equal  air  contents,  a  data  spread  of  as  much  as 


6.0  percent  was  noted  in  the  limited  cavitation  results.  It  was 
later  discovered  that  this  scatter  in  the  data  could  be  correlated 
surprisingly  well  with  the  operating  temperature  of  the  water.  The 
results  of  three  separate  tests  for  bubble-ring  cavitation  are 
presented  in  Figure  45.  The  air  contents  for  the  three  tests  were 
all  about  8.0  ppm.  It  is  apparent  that  a ^  decreased  slightly  with 
increasing  water  temperature.  Also,  as  temperature  increased,  bubble¬ 
ring  cavitation  was  eliminated  at  the  lower  velocities.  It  is  strongly 
suspected  that  a  selective  size  range  of  nuclei  is  required  for  bubble¬ 
ring  cavitation  to  occur.  On  the  other  hand,  raising  the  water 
temperature  decreases  the  solubility  of  air  in  water  and  results  in 
an  increase  in  the  number  and  size  of  nuclei.  This  trend  would  suggest 
that  should  increase  with  temperature  for  bubble-ring  cavitation; 
this  is  opposite  to  the  observed  trend.  Thus,  other  factors  are 
controlling  the  phenomena.  Perhaps  the  increased  nuclei  population 
which  resulted  from  higher  water  temperatures  acted  as  a  free  stream 
disturbance  which  affected  the  laminar  boundary  layer  separation 
processes.  Consequently,  the  pressure  fluctuations  at  reattachment 
were  also  affected  in  such  a  way  that  bubble-ring  cavitation  was 
suppressed.  Recall  that  large  numbers  of  free  stream  nuclei  and 
travelling-bubble  cavitation  have  been  observed  to  affect  boundary 
layer  separation  and  result  in  the  elimination  of  band  cavitation. 

5.2. 1.5  Bubble-ring  and  band  cavitation.  Bubble-ring 


cavitation  on  the  hemispherical  nose  serves  as  a  nuclei  source  for 
band  cavitation.  In  a  typical  cavitation  run,  bubble-ring  cavitation 
developed  in  the  reattachment  region,  then  gradually  extended  forward 
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Figure  45.  Effect  of  temperature  of  for  bubble-ring  cavitation 
on  a  2.0-in.  diameter  hemispherical  nose. 


into  the  separation  region  to  form  band  cavitation.  This  transforma¬ 
tion  from  bubble-ring  to  band  cavitation  is  shown  in  Figure  25. 
Hysteresis  effects  were  not  apparent  for  band  cavitation  if  bubble¬ 
ring  cavitation  was  observed.  When  no  bubble-ring  cavitation  occurred, 
however,  band  cavitation  often  appeared  suddenly  in  a  developed  state 
and  was  interpreted  as  hysteresis.  In  this  case,  the  readily  available 
nuclei  (in  the  form  of  bubble-ring  cavitation)  were  not  present.  As  a 
result,  inception  of  band  cavitation  presumably  had  to  depend  on  the 
event  of  a  nucleus  from  the  free  stream  travelling  close  enough  to  the 
body  to  initiate  cavitation.  Hysteresis  effects  in  band  cavitation  on 
the  hemispherical  nose  became  apparent  for  low  air  contents  and/or 
high  water  temperatures.  In  all  cases,  bubble-ring  cavitation  was 
suppressed.  A  similar  result  was  reported  by  Acosta  and  Hamaguchi  [28] 
for  cavitation  observations  on  a  1.755-in.  diameter  ITTC  nose.  Bubble¬ 
ring  cavitation  was  not  reported  for  this  body  and  band  cavitation  was 
indeed  observed  to  appear  "abruptly  in  the  form  of  a  small  band  all 
around  the  nose  of  the  body." 

5.2. 1.6  Occurrence  of  bubble-ring  cavitation.  Observations 
of  separation-controlled  cavitation  have  been  reported  on  various 
axisymmetric  models  in  previous  investigations.  Parkin  and  Holl  [9] 
observed  band  cavitation  on  both  the  hemispherical  nose  and  1.5-caliber 
ogive  nose  in  tests  which  involved  several  different  model  diameters. 
Band  cavitation  was  also  observed  on  a  2.0-in.,  1.0-caliber  ogive  nose 
in  a  preliminary  test  during  the  present  investigation,  a  1.755-in. 
diameter  ITTC  nose  [26],  a  2.0-in.  diameter,  1/8-caliber  ogive  nose 
[29],  and  a  2.0-in.  pointed  headform  used  by  Brockett  [21].  Of  these 


99 


models,  bubble-ring  cavitation  was  observed  on  only  the  hemispherical 
nose  and  the  1/8-caliber  ogive  nose.  It  seems  rather  curious  that, 
for  several  models  which  exhibited  laminar  boundary  layer  separation, 
bubble-ring  cavitation  was  only  observed  on  certain  models.  This 
suggests  that  the  influence  of  laminar  boundary  layer  separation  on 
limited  cavitation  differs  slightly  from  one  model  to  the  next. 

Consider  two  axi symmetric  models  (A  and  B)  which  both  exhibit  laminar 
boundary  layer  separation.  Model  A  has  a  large  separated  region  of 
nearly  constant  pressure,  accompanied  by  strong  turbulent  pressure 
fluctuations  in  the  reattachment  region.  Model  B  has  a  thin  separation 
region  with  a  slight  adverse  pressure  gradient  and  correspondingly 
small  pressure  fluctuations  at  reattachment.  These  two  examples  are 
illustrated  in  Figure  46.  The  large  pressure  fluctuations  at  reattach¬ 
ment  for  Model  A  result  in  a  fluctuation  pressure  coefficient,  Cp^,, 
whose  magnitude  is  greater  than  the  magnitude  of  the  pressure  coeffi¬ 
cient  at  separation,  |Cp<-|.  Therefore,  bubble-ring  cavitation  occurs 
on  Model  A  prior  to  the  gradual  development  of  band  cavitation  as  the 
cavitation  number  is  lowered.  At  desinence,  band  cavitation  gradually 
transforms  back  into  bubble-ring  cavitation.  .  On  Model  B,  it  is  shown 
that  Cp <  is  less  than  |Cp^|.  Bubble-ring  cavitation  is  not  observed 
on  this  model.  As  the  tunnel  pressure  is  lowered,  the  pressure  in  the 
separation  region  falls  to  vapor  pressure  before  the  pressure  in  the 
reattachment  region.  If  bubble-ring  cavitation  occurs  at  reattachment, 
it  immediately  transforms  into  band  cavitation  because  the  separated 
region  is  at  a  lower  pressure.  Otherwise,  band  cavitation  inception 
occurs  when  a  free  stream  nucleus  enters  the  separated  region. 
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In  either  case,  band  cavitation  is  observed  to  form  suddenly  as  a 
completely  developed  cavity.  At  desinence,  band  cavitation  gradually 
disappears  with  no  trace  of  bubble-ring  cavitation.  Hysteresis  is, 
therefore,  observed  on  Model  B.  Noses  which  exhibit  the  character¬ 
istics  of  Model  A  are  the  hemispherical  nose  and  the  1/8-caliber  ogive 
nose.  Those  characteristics  of  Model  B  include  the  1.5-caliber  ogive 
nose,  1.0-caliber  ogive  nose,  ITTC  nose,  and  the  DTNSRDC  nose. 

5.2.2  Fixed-patch  cavitation.  The  following  are  several  charac¬ 
teristics  of  fixed-patch  cavitation  which  were  observed  in  the  present 
investi gat  ion: 

1.  Fixed-patch  cavitation  was  predominant  at  high  free  stream 
velocities. 

2.  Limited  cavitation  data  for  fixed-patch  cavitation  showed 
a  definite  increasing  trend  of  a.  with  an  increase  in  free 
stream  velocity. 

3.  High  air  contents  appeared  to  suppress  the  formation  of 
fixed-patch  cavitation  and  resulted  in  lower  values  of  o£. 

4.  Each  individual  cavity  of  fixed-patch  cavitation  appeared 
to  be  attached  to  the  model  surface 'at  one  or  two  points  on 
the  upstream  end  of  the  cavity.  These  points  of  attachment 
may  possibly  be  located  on  very  small  depression-type 
irregularities  on  the  model  surface. 

5.2.2. 1  Characteristics  of  fixed-patch  cavitation.  Fixed- 
patch  cavitation  was  observed  on  the  Schiebe  nose  and  the  DTNSRDC  nose 
in  the  present  investigation.  It  was  also  observed  on  a  1.755-in. 
diameter  ITTC  nose  in  the  investigation  by  Acosta  and  Hamaguchi  [28]. 
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They  show  an  excellent  photograph  of  fixed-patch  cavitation  occurring 
simultaneously  with  band  cavitation  on  their  model.  Their  indication 
that  fixed-patch  cavitation  occurred  at  higher  velocities  is  consistent 
with  the  results  of  the  present  investigation.  Parkin  and  Holl  [9] 
also  reported  the  observation  of  "small  diamond-shaped  cavitation  zones 
apparently  due  to  very  small  rough  spots."  These  observations  were 
made  during  cavitation  tests  which  were  conducted  with  4.0-in.  and 
8.0-in.  diameter  hemispherical  noses.  Their  description  suggests  that 
this  also  was  fixed-patch  cavitation.  In  the  present  investigation, 
fixed-patch  cavitation  occasionally  occurred  on  the  2.0-in.  diameter 
hemispherical  nose  as  a  result  of  dirt  on  the  model.  Wiping  off  the 
model  surface  subsequently  eliminated  the  formation  of  fixed-patch 
cavitation  on  the  hemispherical  nose,  but  the  same  procedure  showed 
little  or  no  effect  on  the  DTNSRDC  and  Schiebe  noses. 

Generally,  increasing  the  air  content  of  the  water  resulted  in  a 
more  unsteady  form  of  fixed-patch  cavitation.  Occasionally,  when  many 
free  stream  nuclei  passed  by  the  model,  fixed-patch  cavities  became 
very  unstable  and  erratic,  and  they  appeared  and  disappeared  all  around 
the  circumference  of  the  nose.  The  nuclei  in  the  free  stream  seemed 
to  act  as  disturbances  which  affected  the  seemingly  delicate  attachment 
that  the  cavities  had  to  the  model  surface.  In  contrast,  when  the  air 
content  was  low  and  few  free  stream  nuclei  were  observed,  the  cavities 
appeared  very  steady  and  rigidly  affixed  to  the  model  surface. 

An  effect  which  may  be  related  to  the  above  observation  is 
reported  by  Arakeri  and  Acosta  [16].  In  their  investigation  of  cavi¬ 
tation  on  an  ITTC  standard  headform,  they  observed  the  elimination  of 


fixed-patch  cavitation  by  the  application  of  a  boundary  layer  trip. 
This  suggests  that  fixed-patch  cavitation  cannot  occur  in  the  presence 
of  a  turbulent  boundary  layer.  Thickening  the  boundary  layer  by 
tripping  tends  to  decrease  a  for  a  given  roughness,  whereas  changing 
the  velocity  profile  from  laminar  to  turbulent  would  tend  to  increase 
a.  Since  these  are  counteracting  effects,  it  is  difficult  to  explain 
this  result  from  Arakeri  and  Acosta. 

In  the  present  investigation  fixed-patch  cavities  always  appeared 
abruptly  at  inception  and  disappeared  abruptly  at  desinence.  This  was 
apparent  particularly  at  the  low  free  stream  velocities.  Large 
cavities,  almost  a  full  body  diameter  in  length,  would  suddenly  appear 
at  inception  and  grow  as  the  pressure  was  lowered.  On  increasing  the 
pressure,  the  cavities  would  generally  shrink  to  their  initial  size 
at  inception  and  then  disappear.  At  higher  velocities,  much  smaller 
cavities  were  observed  which  had  lengths  of  about  one-quarter  of  the 
body  diameter.  The  growth  characteristics  of  these  smaller  cavities 
were  essentially  the  same  as  for  the  larger  ones. 

The  attachment  of  fixed-patch  cavities  occurred  at  very  definite 
locations  on  the  model  surface.  Although,  in.  genera1,  no  cavities 
showed  any  preferred  location  around  the  circumference  of  the  body, 
they  all  seem  to  attach  at  an  axial  location  just  downstream  of,  but 
very  near  to  the  minimum  pressure  location.  Particularly  at  high  free 
stream  velocities,  several  nearly  identical  fixed-patch  cavities  often 
formed  and  were  evenly  spaced  around  the  circumference  of  the  model. 
Figures  33  and  40  show  this  on  the  Schiebe  nose  and  the  DTNSRDC  nose, 
respectively.  That  the  cavities  on  each  body  are  similar  in  size 


suggests  that  the  surface  irregularities  are  similar  around  each  nose. 
The  model  surfaces  were  subsequently  inspected.  Both  models  showed 
a  distributed  roughness  of  approximately  4.0  micro-in.  (rms).  Isolated 
machining  scratches  which  were  estimated  to  be  about  0.001-in.  wide 
were  also  found  on  both  models  in  the  region  of  the  minimum  pressure. 
All  roughnesses  were  depressions  into  the  surface.  For  comparison, 
the  laminar  boundary  layer  thickness  at  the  minimum  pressure  location 
for  both  models  is  about  0.002-in.  at  the  maximum  free  stream  velocity 
of  70.0  fps. 

5. 2. 2. 2  Scaling  problem  of  fixed-patch  cavitation.  Fixed- 
patch  cavitation  was  observed  predominantly  at  high  velocities  in  the 
present  investigation.  Also,  the  value  of  increased  very  definitely 
with  an  increase  in  free  stream  velocity.  Such  characteristics  are 
expected  for  cavitation  controlled  by  surface  roughness.  However, 
several  inconsistencies  appeared  when  attempting  to  understand  this 
form  of  cavitation  by  applying  existing  theoretical  modelling  tech¬ 
niques.  For  example,  Bohn  [30]  used  the  superposition  method  of  Holl 
[31]  along  with  empirical  cavitation  data  for  a  specified  roughness  on 
a  flat  plate  to  predict  o ^  for  the  same  roughness  on  a  specified  body. 
The  equation  for  the  cavitation  number  of  a  body  with  roughness  is 
given  by 


a 


l 


(23) 


where 


=  limited  cavitation  number  of  a  body  with  roughness, 
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Cp  =  •'<ressure  coefficient  on  smooth  body  at  roughness  location, 

B 

and 

aR  =  limited  cavitation  number  of  the  roughness  on  a  flat  plate. 
Using  this  method,  one  always  obtains  a  a ^  for  a  body  with  roughness 
which  is  greater  in  magnitude  chan  the  pressure  coefficient  of  the 
smooth  body  at  the  roughness  location,  provided  that  oR  is  positive. 

In  the  present  investigation,  all  limited  cavitation  data  for  fixed- 
patch  cavitation  were  less  than  |Cp]  at  the  corresponding  point  of 
cavity  attachment.  From  photographs  of  the  DTNSRDC  nose,  the  value 
of  x/D  for  cavity  attachment  was  estimated  to  be  0.09.  The  value  of 
1 Cp I  corresponding  to  this  location  was  0.77.  Measured  values  of  a ^ 
for  fixed-patch  cavitation  on  this  body  ranged  from  0.57  to  0.69. 
Similarly,  for  the  Schiebe  nose,  cavity  attachment  occurred  at  an  x/D 
of  about  0.18;  the  corresponding  value  of  |Cp|  was  0.65,  and  o ^  ranged 
from  0.35  to  0.45.  It  was  apparent,  therefore,  that  Bohn's  method 
could  not  be  applied  to  the  fixed-patch  cavitation  that  was  observed 
in  this  investigation. 

Equation  (23)  has  been  revised  by  Arndt,  Hoi  1 ,  Bohn,  and  Bechtel 
[32]  to  include  bubble  dynamic  effects.  The  revised  equation  is 
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+  aR  fl 


(24) 


The  function  ft  accounts  for  possible  bubble  dynamic  effects  and  is 
defined  as 

P  -  P  . 
o  =  v  mm-r 


? 


(25) 


where  Pm^n_r  is  the  minimum  pressure  produced  by  the  roughness.  In 
some  cases,  where  n  is  sufficiently  large,  Equation  (24)  suggests  that 
a0  can  be  less  than  |CP  |.  Application  of  Equation  (24)  to  some  of 
the  fixed-patch  cavitation  encountered  in  this  investigation  indicated 
this  type  of  behavior.  An  inconsistency  exists,  however.  Raising  the 
air  content  tends  to  increase  the  size  of  free  stream  nuclei  and  the 
results  should  be  higher  values  of  for  fixed-patch  cavitation. 

As  mentioned  previously,  the  opposite  trend  was  observed. 

5. 2. 2. 3  Hypothetical  development  of  fixed-patch  cavitation. 
It  is  believed  that  the  location  of  fixed-patch  cavity  attachment  is 
significant.  Attachment  always  seemed  to  occur  in  a  laminar  boundary 
layer  in  a  region  which  had  a  severely  adverse  pressure  gradient.  It 
may  be  that  this  type  of  cavitation  occurred  as  a  consequence  of  the 
adverse  pressure  gradient  and  the  tendency  for  the  boundary  layer  to 
separate.  Consider  the  following  hypothetical  development: 

A  nucleus  in  the  boundary  layer  cavitates  and  causes  a  local 
flow  separation  to  occur  which  is  augmented  by  the  effect  of 
the  adverse  pressure  gradient.  The  vapor  cavity  immediately 
fills  the  three-dimensional  separation  region.  The  separa¬ 
tion  region  and  the  cavity  both  spread  upstream  into  lower 
pressures.  The  upstream  end  of  the  cavity  then  becomes 
stabilized  at  the  site  of  a  very  tiny  depression-type 
irregularity  on  the  model  surface,  close  to  the  minimum 
pressure  location.  The  above  process  occurs  over  a  very 
short  time  period,  making  the  cavity  development  appear 
to  be  instantaneous. 
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A  sketch  is  presented  in  Figure  47  illustrating  the  events  just 
described  in  this  hypothetical  development  of  fixed-patch  cavitation. 
The  following  characteristics  help  to  support  this  hypothesis: 


1)  It  is  a  form  of  attached  cavitation.  This  fact  in  itself 
suggests  that  the  cavity  resides  in  a  separation  region. 

2)  Boundary  layer  tripping  eliminates  fixed-patch  cavitation. 

The  resulting  turbulent  boundary  layer  is  more  resistant  to 
separation. 

3)  Irregularities  in  the  model  surface  were  in  the  form  of  very 
small  depression-type  roughnesses.  It  seems  unlikely  that 
similar  forms  of  attached  cavities  would  occur  on  the  same 
type  of  roughness  on  a  flat  plate  with  no  pressure  gradient 
because  the  suspected  roughness  size  is  so  much  smaller  than 
the  resulting  cavity. 

The  foregoing  discussion  of  fixed-patch  cavitation  suggests  that 
surface  roughness  can  play  a  major  role  in  controlling  this  type  of 
cavitation  on  axi symmetric  bodies.  Investigations  at  ARL  also  indicate 
that  surface  roughness  can  control  the  limited  cavitation  character¬ 
istics  of  sheet  cavitation  on  hydrofoils. 

Unfortunately,  the  mechanisms  involved  in  the  formation  of  fixed- 
patch  cavitation  are  not  understood.  Very  few,  if  any,  investigations 
have  been  performed  on  depression-type  surface  irregularities,  particu¬ 
larly  in  the  presence  of  a  strong  adverse  pressure  gradient.  The 
observations  of  fixed-patch  cavitation  in  several  cavitation  investi¬ 
gations  (where  surface  roughness  was  not  considered  significant) 
suggests  that  more  work  should  be  done  in  this  area. 
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5.2.3  Developed  cavitation.  Developed  cavitation,  as  described 
in  the  results  (Section  4.1.2)  was  observed  on  the  Schiebe  half-body 
and  the  DTNSRDC  headform  for  all  test  velocities.  The  formation  of 
this  type  of  cavitation  drastically  changes  the  flow  about  a  body  and, 
therefore,  was  not  considered  of  interest  in  the  present  investigation. 
It  is  interesting  to  note  that  developed  cavitation  as  defined  in  this 
investigation  does  not  appear  on  the  hemispherical  nose.  Instead, 
band  cavitation  forms  and  continues  to  grow,  mostly  in  the  downstream 
direction,  for  lower  and  lower  values  of  the  cavitation  number.  The 
manner  in  which  this  occurs  is  discussed  in  more  detail  by  Arakeri  [14]. 

It  is  believed  that  developed  cavitation  remains  attached  to 
the  body  by  the  presence  of  a  cavitation-induced  flow  separation. 

The  process  is  similar  to  that  discussed  for  fixed-patch  cavitation. 

The  initial  formation  of  cavitation  (transient  or  fixed-patch)  in  the 
region  of  an  adverse  pressure  gradient  disturbs  the  flow  and  causes  it 
to  separate  at  a  position  just  downstream  from  the  minimum  pressure 
point.  A  large  single  cavity  fills  the  separated  region  and,  thereby, 
stabilizes  the  separated  region  and  the  cavity  on  the  body.  This  order 
of  events  for  developed  cavitation  formation  was  hypothesized  from 
playback  and  analysis  of  the  cavitation  tapes. 
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CHAPTER  6 

PRESENTATION  AND  DISCUSSION  OF  MEAN  PRESSURE  MEASUREMENTS 
ON  A  2.0-IN.  DIAMETER  HEMISPHERICAL  NOSE 

6. 1  Introduction 

The  recently  discovered  association  between  band  cavitation  and 
laminar  boundary  layer  separation  has  resulted  in  a  renewed  interest  in 
the  real  pressure  distribution  over  a  hemispherical  nose.  For  years,  it 
was  believed  that  laminar  boundary  layer  separation  did  not  occur  on  a 
hemispherical  nose  for  typical  values  of  Reynolds  number.  In  1948, 

Rouse  and  McNown  [11]  measured  the  mean  pressure  distribution  over  a 
2.0-in.  diameter  hemispherical  nose  for  several  Reynolds  numbers.  The 
influence  of  a  separated  boundary  layer  was  reported  up  to  a  Reynolds 
number  of  2.0  x  10s.  Poor  spatial  resolution  due  to  relatively  large 
spacing  between  pressure  taps  yielded  misleading  results.  Twenty-five 
years  later,  Arakeri  and  Acosta  [15]  showed  by  means  of  Schlieren 
photography  that  laminar  boundary  layer  separation  exists  on  a  2.0-in. 
diameter  hemispherical  nose  for  Reynolds  numbers  in  excess  of  1  x  106. 
They  also  showed  that  viscous  effects  and,  more  specifically,  the 
presence  of  laminar  boundary  layer  separation  has  a  significant 
influence  on  the  inception  of  cavitation  on  axisymmetric  models. 

Two  regions  are  associated  with  laminar  boundary  layer  separation; 
namely,  (1)  the  separated  region,  and  (2)  the  transition/reattachment 
region. 

The  separated  region  is  characterized  by  the  small  pocket  of  nearly 


stagnant  fluid  located  beneath  the  separated  streamline  and  just  above 
the  model  surface.  The  pressure  is  nearly  constant  throughout  the 


separated  region.  In  the  present  investigation,  only  a  short  separation 
bubble  regime  was  considered  since  the  conditions  necessary  for  a  long 
bubble,  as  proposed  by  Gaster  [25],  were  not  present.  The  theoretical 
location  of  laminar  boundary  layer  separation  is  predicted  when  the 
wall  shear  stress  vanishes  in  the  presence  of  an  adverse  pressure 
gradient.  For  a  given  body,  the  location  of  laminar  boundary  layer 
separation  does  not  vary  in  the  streamwise  direction  with  Reynolds 
number.  Arakeri  and  Acosta  [15]  verified  this  experimentally  on  a 
1.813-in.  diameter  hemispherical  nose.  Their  Schlieren  photographs 
of  the  thermal  boundary  layer  showed  that  the  streamwise  distance  to 
separation  was  constant  for  velocities  from  approximately  10.0  to  60.0 
fps.  It  should  be  mentioned,  however,  that  in  this  same  investigation, 
Arakeri  and  Acosta  reported  a  slight  downstream  shift  in  the  position 
of  laminar  separation  on  a  1.755-in.  diameter  ITTC  nose  over  the  same 
velocity  range.  No  explanation  was  offered  since  the  shift  was  con¬ 
sidered  insignificant.  Van  der  Meulen  [17]  also  concluded  that  the 
location  of  laminar  boundary  layer  separation  remains  constant  with 
velocity  from  his  investigation  of  the  flow  over  a  10-mm  (0.394-in.) 
diameter  hemispherical  nose.  Flow  visualization  was  achieved  by  the 
injection  of  low  concentration  salt  water  from  che  stagnation  tap  of 
his  model  into  the  boundary  layer  flow.  Holographs  were  taken  which 
very  clearly  showed  the  structure  of  the  separation  region. 

Dimensions  of  the  separation  region  showed  significant  variation 
from  one  model  shape  to  the  next.  Arakeri  [14]  presented  height  and 
length  information  for  the  separated  region  on  a  1.813-in.  diameter 
hemispherical  nose  and  a  2.0-in.  Swedish  headform  (ITTC  nose)  for  a 
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range  of  velocities.  Gates  [13]  presented  similar  information  for  a 
2.0-in.  diameter  hemispherical  nose  and  2.0-in.  diameter  DTNSRDC  nose. 
The  results  clearly  indicate  that  the  dimensions  of  a  separation  region 
decrease  with  increasing  Re^.  This  dependence  on  Reynolds  number 
differs,  however,  for  the  different  nose  shapes. 

The  transition/reattachment  region  occurs  at  the  downstream  end 
of  the  separation  region.  The  length  of  the  separation  region  is 
controlled  solely  by  the  location  of  transition  and  reattachment, 
since  the  upstream  end,  defined  by  the  point  of  separation,  does  not 
move  with  variation  in  free  stream  velocity.  Transition  occurs  when 
the  free  shear  layer  above  the  separation  region  becomes  unstable.  The 
instability  of  the  free  shear  layer  increases,  producing  turbulent 
mixing  which  results  in  the  reattachment  of  a  turbulent  boundary  layer 
to  the  model  surface.  The  reattachment  region  is  characterized  by 
large  turbulent  pressure  fluctuations.  Arakeri  [26]  measured  peak 
pressure  fluctuations  in  this  region  of  the  order  of  26.0  percent  of 
the  dynamic  pressure  on  a  2.0-in.  diameter  hemispherical  nose  in  water. 
With  such  large  pressure  fluctuations  in  the  reattachment  region,  it 
seems  reasonable  that  cavitation  inception  has  been  frequently  observed 
on  the  hemispherical  nose  at  the  site  of  laminar  boundary  layer 
reattachment  rather  than  at  the  theoretical  location  of  the  minimum 
pressure  [13,  15,  and  17]. 

It  is  apparent  that  viscous  effects  must  be  taken  into  considera¬ 
tion  in  order  to  understand  more  fully  the  mechanisms  of  cavitation 
inception.  The  presence  of  laminar  boundary  layer  separation  may 
significantly  alter  the  mean  pressure  distribution  from  that  predicted 
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by  potential  theory.  Also,  pressure  fluctuations  arising  from  boundary 
layer  turbulence  may  play  a  significant  role  in  the  process  of  cavita¬ 
tion  inception.  Reliable  measurements  of  both  the  mean  and  fluctuating 
pressure  components  in  the  region  of  separation  and  reattachment  would 
be  very  helpful  in  the  investigation  of  limited  cavitation. 

Mean  pressure  measurements  were  made  in  the  region  of  boundary 
layer  separation  and  reattachment  on  a  2.0-in.  diameter  hemispherical 
nose  in  water  and  are  presented  and  discussed  in  this  section. 
Fluctuating  pressure  measurements  were  made  in  water  in  the  region 
of  boundary  layer  reattachment  and  will  be  discussed  in  Chapter  7. 

The  results  from  these  mean  and  fluctuating  pressure  measurements  are 
discussed  in  connection  with  band  and  bubble-ring  cavitation,  respec¬ 
tively,  as  observed  on  the  hemispherical  nose. 

6.2  Experimental  Setup  Procedure 

Mean  pressure  measurements  over  a  2.0-in.  diameter  hemispherical 
nose  were  performed  in  the  12.0-in.  diameter  water  tunnel  located  in 
the  Garfield  Thomas  Water  Tunnel  Building  of  the  Applied  Research 
Laboratory  at  The  Pennsylvania  State  University.  Measurements  were  made 
by  using  static  pressure  taps  which  were  distributed  over  the  model 
surface.  A  total  of  18  taps  were  employed,  including  a  total  pressure 
or  stagnation  tap.  All  measurements  were  nondimensional ized  by  the 
reading  from  this  stagnation  tap.  All  taps  were  0.0135-in.  in  diameter. 
Locations  of  the  taps  on  the  model  are  presented  in  Table  2.  The  axial 
spacing  of  the  taps  provided  good  spatial  resolution,  which  is  important 
due  to  the  small  size  of  the  separation  region.  The  circumferential 
positioning  of  the  taps  was  to  avoid  possible  measurement  errors  due 
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Table  2 

Pressure  Tap  Locations  on  2.0-in. 
Diameter  Hemispherical  Nose 

Tap  6 

Number  x/D  (deg) 

1  0.000  — 

2  0.280  51 

3  0.335  64 

4  0.390  38 

5  0.430  77 

6  0.465  25 

7  0.480  90 

8  0.500  129 

9  0.515  116 

10  0.530  142 

11  0.545  103 

12  0.560  155 

13  0.575  77 

14  0.625  129 

15  0.675  116 

16  0.725  129 

17  0.775  116 


18 


0.825 


129 
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to  wake  interference  from  upstream  taps.  This  consideration  was  made 
only  in  the  laminar  flow  region  and  was  not  considered  a  problem  in 
the  regions  of  separated  and  turbulent  flow. 

A  2.0-in.  diameter  stainless  steel  model  was  machined  for  this 
investigation.  The  model  was  made  in  two  parts  with  pressure  taps 
located  in  a  removable  hatch.  A  photograph  of  the  model  is  presented 
in  Figure  48.  The  hatch  configuration  made  it  possible  to  connect 
pressure  lines  to  the  18  short  steel  tubes  located  within  the  model. 
The  pressure  lines  ran  through  a  hollow  afterbody,  down  through  the 
mounting  strut,  and  out  of  the  tunnel  into  a  48-position  scani-valve. 
Alignment  of  the  model  in  the  test  section  was  achieved  by  visually 
checking  the  flow  direction  of  dye-colored  water  forced  out  through 
the  stagnation  tap  on  the  front  of  the  model.  True  alignment  was 
attained  when  the  dye  was  observed  to  flow  uniformly  over  the  model. 
All  pressures  were  measured  with  a  Bell  and  Howell  differential -type 
pressure  transducer.  Static  calibration  prior  to  testing  showed  the 
transducer  to  have  a  linear  response  for  the  entire  pressure  range. 
Measurement  errors  for  this  type  of  pressure  transducer  are  within 
±0.06  percent  of  full-scale  range  as  claimed  by  the  manufacturer. 

The  scani-valve  was  operated  by  an  automatic,  programmable  stepping 
control  unit.  The  unit  was  programmed  to  step  through  the  18  pressure 
channels  plus  four  reference  channels  for  zeroing  purposes.  An 
additional  channel  provided  the  pressure  drop  through  the  test  section 
nozzle  for  monitoring  the  tunnel  velocity.  For  each  channel,  the  unit 
time-averaged  the  signal  and  punched  the  data  on  paper  tape.  At  each 
test  velocity,  the  unit  stepped  through  each  of  the  23  channels 


Figure  48.  Photograph  of  instrumented  2.0-in.  diameter  hemispherical 
nose  used  for  mean  pressure  measurements. 


five  times.  The  test  velocity  was  varied  from  30.0  to  70.0  fps.  The 
tunnel  pressure  was  held  constant  at  about  30.0  psia.  The  data  were 
subsequently  reduced  and  averaged  on  a  computer.  A  similar  series  of 
tests  were  also  performed  to  show  the  effect  of  a  boundary  layer  trip 
which  was  placed  on  the  model  to  eliminate  laminar  boundary  layer 
separation. 

6.3  Resul ts 

The  measured  mean  pressure  distributions  over  a  2.0-in.  diameter 
hemispherical  nose  are  presented  in  Figure  49  for  several  values  of 
free  stream  velocity.  Data  are  shown  as  plots  of  pressure  coefficient, 
Cp,  versus  axial  distance,  x/D,  along  the  model.  The  theoretical  curve 
for  a  hemispherical  nose  with  appropriate  blockage  is  also  shown  for 
comparison.  As  mentioned  earlier,  each  data  point  represents  the 
averaged  values  of  five  separate  measurements.  Spread  in  the  measured 
data  is  approximately  ±0.006. 

The  results  of  tripping  the  boundary  layer  are  presented  in  Figures 
50  and  51  for  free  stream  velocities  of  30.0  and  40.0  fps,  respectively. 
Both  figures  compare  tripped  and  nontripped  cases  with  the  curve  from 
potential  theory.  These  data  are  tabulated  in  Appendix  D.  Values  of 
standard  deviation,  S^,  and  relative  standard  deviation,  S^,  are  also 
given. 

6.4  Discussion  of  Results 

The  occurrence  of  laminar  boundary  layer  separation  on  a  2.0-in. 
diameter  hemispherical  nose  is  indicated  by  Figure  49  for  Reynolds 
number  up  to  1.17  x  I0fi  (70.0  fps).  This  result  is  in  agreement  with 


Figure  49.  Measured  pressure  distribution  over  a  2.0-in.  diameter 
hemispherical  nose  for  several  free  stream  velocities. 


40.0 


measured  pressure  distributions  for  a  2.0-in.  diameter 
nose  with  and  without  a  boundary  layer  trip  (U  =40.0 


Comparison  of  measured  pressure  distributions  for  a  2.0-in.  diameter 
hemispherical  nose  with  and  without  a  boundary  layer  trip  (U  =  30.0  fps) 
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Arakeri  and  Acosta  [15],  who  reported  laminar  separation  at  a  Reynolds 
number  of  9.07  x  105  (60.0  fps)  on  a  1.813-in.  diameter  hemispherical 
nose  using  Schlieren  flow  visualization.  The  calculated  value  for  the 
critical  Reynolds  number  on  a  hemispherical  nose  is  given  in  reference 
[15]  to  be  5  x  io6  based  on  the  calculation  method  of  Jaffe,  Okamura, 
and  Smith  [33].  The  critical  Reynolds  number  corresponds  to  the  flow 
condition  for  which  transition  is  predicted  at  the  theoretical  location 
of  laminar  boundary  layer  separation. 

The  influence  of  laminar  boundary  layer  separation  on  the  measured 
pressure  distributions  is  quite  evident.  A  sketch  is  provided  in 
Figure  52  to  define  the  important  features  of  the  pressure  distribution 
curves  to  be  discussed.  The  locations  of  transition  and  reattachment 
are  observed  to  move  systematically  upstream  for  an  increase  in  free 
stream  velocity.  The  location  of  transition,  (x/D)^,  as  defined  in 
Figure  52,  is  plotted  against  Reynolds  number  in  Figure  53.  Also 
plotted  here  are  transition  data  which  were  converted  from  the  separa¬ 
tion  bubble  length  data  of  Arakeri  [14]  for  a  1.813-in.  diameter 
hemispherical  nose.  Arakeri  defines  the  end  of  the  separation  bubble 
as  the  position  where  the  free  shear  layer,  vi-sible  by  Schlieren, 
disappears  as  a  result  of  turbulent  mixing.  In  the  present  investiga¬ 
tion,  the  end  of  the  separation  region  is  arbitrarily  located  at  the 
transition  point  as  indicated  in  Figure  52.  Good  agreement  is  apparent 
between  these  two  investigations.  The  actual  location  of  laminar 
boundary  layer  separation  cannot  be  determined  accurately  from  the 
pressure  distributions.  The  theoretical  location  of  separation 


Figure  52.  Sketch  defining  important  features  of  a  typical  measured 
pressure  distribution  for  a  hemispherical  nose. 


Measured  locations  of  boundary  layer  transition  and  reattachment 
diameter  hemispherical  nose  for  variation  in  free  stream  velocit 
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[(x/D)$  =  0.462)]  is,  however,  quite  consistent  with  the  data.  Also, 
the  data  taken  at  locations  very  close  to  the  point  of  laminar  boundary 
layer  separation  did  not  show  appreciable  change  with  free  stream 
velocity.  Both  Arakeri  and  Acosta  [15]  and  Van  der  Meulen  [17]  reported 

j 

that  the  experimental  location  of  laminar  boundary  layer  separation  ] 

remains  constant  with  free  stream  velocity  on  the  hemispherical  nose. 

They  also  reported  good  agreement  between  the  theoretical  and  experi¬ 
mental  locations  of  laminar  boundary  layer  separation. 

The  indicated  region  of  separation  is  immediately  followed  by  a 
pressure  recovery  region  marked  by  a  very  steep  adverse  pressure 
gradient.  Boundary  layer  reattachment  is  arbitrarily  located  at  the 
peak  of  the  small  overshoot  at  the  end  of  the  pressure  recovery  region 
(refer  to  Figure  52).  For  the  case  where  laminar  boundary  layer 
separation  has  been  eliminated  by  a  trip,  the  resulting  pressure 
distribution  does  not  have  these  characteristic  features.  Figure  50 
shows  the  pressure  distribution  for  a  fully  tripped  boundary  layer  at 
a  free  stream  velocity  of  40.0  fps.  The  measured  curve  more  closely 
resembles  the  theoretical  curve  as  expected.  Figure  51  shows  the 
pressure  distribution  for  the  same  tripped  hemispherical  nose  at  a 
velocity  of  30.0  fps.  Here,  the  boundary  layer  trip  was  not  fully 
effective,  as  evidenced  by  the  presence  of  an  irregular  separation 
region  and  an  overshoot  which  is  indicative  of  reattachment. 

The  results  of  these  mean  pressure  measurements  are  significant 
to  the  analysis  of  band  cavitation  on  models  which  exhibit  laminar 
boundary  layer  separation.  Specific  reference  is  made  to  these  results 
in  the  discussion  of  band  cavitation  on  a  hemispherical  nose  in 


Section  5.2.1. 
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CHAPTER  7 

PRESENTATION  AND  DISCUSSION  OF  FLUCTUATING  PRESSURE  MEASUREMENTS  IN 
THE  REATTACHMENT  REGION  OF  A  2.0-IN.  DIAMETER  HEMISPHERICAL  NOSE 

7.1  Introduction 

Laminar  boundary  layer  separation  on  an  axisymmetric  body  is 
generally  accompanied  by  the  turbulent  reattachment  of  the  boundary 
layer  a  short  distance  downstream  from  the  separation  point.  Large 
velocity  and  pressure  fluctuations  exist  in  the  region  of  reattachment. 
Measurements  show  that  the  turbulent  pressure  fluctuations  found  in 
the  region  of  reattachment  are  significantly  greater  than  those 
characteristic  of  natural  laminar  boundary  layer  transition  [25,27]. 
Laminar  separation  and  reattachment  often  occur  in  the  low  pressure 
region  of  a  body  a  short  distance  downstream  from  the  minimum  pressure 
point.  Negative  peak  pressures  in  the  region  of  reattachment  may, 
therefore,  exceed  the  theoretical  value  of  the  minimum  pressure  of  the 
body.  Consequently,  the  region  of  boundary  layer  reattachment  is  a 
likely  location  for  cavitation  inception.  Observations  of  cavitation 
inception  in  the  reattachment  region  of  axisymmetric  bodies  have  been 
reported  by  Arakeri  and  Acosta  [15],  Gates  [13],  and  Van  der  Meulen 
[17]. 

Measurements  of  the  fluctuating  pressures  in  the  region  of  reattach¬ 
ment  were  reported  by  Arakeri  [26]  on  a  2.0-in.  diameter  hemispherical 
headform  in  water.  He  cited  peak  pressure  fluctuations  of  the  order 
of  26.0  percent  of  the  dynamic  pressure  at  a  free  stream  velocity  of 
about  8.0  fps.  His  measurements  were  made  using  a  0.14-in.  diameter, 
flush-mounted  piezoelectric  pressure  transducer.  However,  the  accuracy 


of  his  results  is  limited,  particularly  at  high  velocities,  due  to 
the  large  size  of  the  transducer  relative  to  the  turbulent  length 
scales  involved.  He  noted  that  increasing  effects  of  spatial  averaging 
were  realized  as  the  velocity  was  increased.  These  measurements  should, 
therefore,  be  regarded  as  a  lower  limit  for  fluctuating  pressure  levels 
in  the  reattachment  region. 

Huang  and  Hannon  [27]  measured  the  pressure  fluctuations  in 
the  region  of  transition  and  reattachment  on  an  axisymmetric  body 
(Forebody  S),  which  also  experienced  laminar  boundary  layer  separation. 
The  measurements  were  made  in  air  using  pinhole  microphones.  The  root 
mean  square  (rms)  pressure  fluctuations  at  reattachment,  normalized  by 
the  dynamic  pressure,  were  found  to  be  an  order  of  magnitude  higher 
than  those  characteristic  of  a  fully  established  turbulent  boundary 
layer.  The  maximum  level  was  reported  to  be  0.15.  Gaster  [25] 
measured  velocity  fluctuations  in  the  free  shear  layer  above  the  end 
of  the  separated  region  in  a  two-dimensional  flow  setup  in  air.  He 

reported  rms  velocity  fluctuations  to  be  about  0.16  1)  ,  which  also 

00 

suggests  the  presence  of  large  pressure  fluctuations  in  this  region. 

Arakeri  [26]  performed  fluctuating  pressure  measurements  in  the 
laminar  boundary  layer  just  upstream  of  the  separation  point  on  a 
2.0-in.  diameter,  1.5-caliber  ogive  nose  in  water.  Good  agreement  was 
found  between  the  theoretical  and  experimental  values  of  the  critical 
frequency  of  Tol Imien-Schl ichting  disturbances  in  the  boundary  layer 
of  the  model  at  a  free  stream  velocity  of  53.3  fps.  This  critical 
frequency  corresponds  to  the  most  dominant  disturbance  frequency  in 
the  boundary  layer.  Disturbances  having  this  characteristic  frequency 
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are  amplified  and  often  result  in  transition  from  a  laminar  to  a 
turbulent  boundary  layer.  Theoretical  calculations  of  the  critical 
frequency  were  based  on  the  method  of  Jaffe,  Okamura,  and  Smith  [33]. 

A  brief  summary  of  these  calculations  is  presented  by  Gates  [13]. 
Transition  prediction  is  based  on  an  empirically  determined  value  of 
the  amplification  ratio  between  initial  and  final  disturbance  ampli¬ 
tudes.  Transition  on  an  axisymmetric  body  is  suspected  to  occur  for 
an  amplification  ratio  of  e7.  The  critical  frequency  is  that  frequency 
(of  an  imposed  disturbance)  which  most  rapidly  produces  transition. 

Observations  of  bubble-ring  cavitation  in  the  region  of  boundary 
layer  reattachment  on  the  hemispherical  nose  have  aroused  an  interest 
in  the  magnitude  of  the  fluctuating  pressures  in  this  region.  In 
this  investigation,  fluctuating  pressure  measurements  were  made  in  the 
reattachment  region  of  a  2.0-in.  diameter  hemispherical  nose  in  water. 
Measurements  were  made  with  a  cavity-mounted  piezoelectric  pressure 
transducer  in  an  attempt  to  minimize  spatial  averaging  due  to  the 
finite  size  of  the  sensing  element.  Maximum  fluctuation  levels  were 
measured  for  three  different  free  stream  velocities  corresponding  to 
three  different  positions  on  the  body.  Additional  tests  were  performed 
with  a  boundary  layer  trip  on  the  model  to  eliminate  laminar  boundary 
layer  separation.  The  results  of  the  measurements  are  presented  along 
with  some  discussion  of  the  many  difficulties  encountered  in  using  a 
cavity-mounted  transducer  in  water.  Interpretations  of  the  results 
are  incomplete.  The  data  presented,  however,  may  be  useful  in  subse¬ 
quent  investigations. 
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7 . 2  Equipment  and  Procedure 

Fluctuating  pressure  measurements  were  performed  on  a  specially- 
machined  2.0-in.  diameter  hemispherical  headform.  The  headform  was 
made  in  two  parts  so  that  the  instrumentation  was  accessible  by  means 
of  a  detachable  hatch.  For  details,  refer  to  the  photograph  in 
Figure  54.  The  measurements  were  made  on  the  outer  surface  of  the 
hatch  and  care  was  taken  to  ensure  that  the  surface  of  the  hatch 
conformed  to  the  model  contour.  Measurements  were  made  at  three 
streamwise  locations  in  order  to  obtain  maximum  fluctuating  pressure 
readings  for  three  different  velocities. 

A  piezoelectric  transducer,  whose  active  sending  diameter  is 
0.208-in.  was  mounted  in  a  cavity  which  was  connected  to  the  flow  by 
means  of  a  0.0135-in.  diameter  duct.  This  arrangement  effectively 
reduced  the  transducer  sensing  diameter  by  a  factor  of  more  than  15. 

As  a  result,  the  spatial  averaging  of  the  fluctuating  signal  was 
significantly  reduced  by  more  closely  matching  the  effective  transducer 
size  with  the  characteristic  length  scales  of  the  turbulence  in  the 
boundary  layer.  A  special  housing  was  made  to  accommodate  the  trans¬ 
ducer  and  cavity.  The  housing  was  anchored  inside  the  hatch  at  one 
of  three  desired  measurement  locations.  Refer  to  Figure  55  for  an 
illustrative  sketch  of  the  transducer  mounting  arrangement. 

Because  the  transducer  was  cavity-mounted,  the  Helmholtz  frequency 

of  the  duct  and  cavity  had  to  be  considered.  A  periodic  signal  having 

a  frequency  equal  to  the  Helmholtz  frequency  will  produce  standing 

waves  in  a  cavity  and  result  in  an  undesirable  cavity  resonance.  Also 

to  be  considered  was  the  characteristic  maximum  frequency,  f  , 

J  max 


Installation  details  of  a  cavity-mounted  pressure  transducer 
in  a  2.0-in.  diameter  hemispherical  nose. 
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determined  by  the  local  flow  and  the  diameter  of  the  duct.  The 
Helmholtz  frequency,  f^,  is  given  by 

fH^Hz)  =  2tt  y O  *  ^ 

d 

where 

r  =  radius  of  duct, 

=  length  of  duct, 

V  =  volume  of  cavity,  and 
c  =  sonic  speed  in  water. 

The  measurable  frequency  limit  (f  )  is  calculated  by 

max'  J 

w*>  ■  4  ■  <27> 

where 

=  local  flow  velocity,  and 
d  =  diameter  of  duct. 

The  response  of  a  cavity-mounted  transducer  is  generally  linear  for 

frequencies  below  f^.  The  duct  and  cavity  dimensions  should,  therefore, 

be  designed  so  that  the  calculated  value  of  f^  is  greater  than  or  equal 

to  For  the  Present  investigation,  the  value  of  f  was 

max  max 

calculated  to  be  about  12.5  kHz  for  a  free  stream  velocity  of  70.0  fps 
The  cavity  and  duct  arrangement  were,  therefore,  designed  to  produce 
a  fH  of  approximately  13  kHz. 

The  actual  measurements  were  made  with  an  LC-71  piezoelectric 
transducer  made  by  Celesco  Corporation.  A  charge  amplifier  made  by 
Endevco  was  used  to  boost  the  transducer  signal.  Three  series  of 
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measurements  were  performed,  each  corresponding  to  a  different  location 
on  the  hemispherical  headform.  Transducer  locations  for  Series  1,  2, 
and  3  were  x/D  =  0.575,  0.550,  and  0.525,  respectively,  where  x/D  is 
the  nondimensional ized  axial  distance  along  the  model. 

The  originally  proposed  experimental  procedure  is  described  below. 
Unfortunately,  a  resonance  occurred  in  the  transducer  cavity  which 
appeared  predominately  in  the  turbulent  signal.  As  a  result,  peak 
pressure  fluctuations  from  an  oscilloscope  trace  and  wide-band  rms 
levels  were  unreliable  and  could  not  be  used. 

Peak  fluctuating  pressure  levels,  wide-band  rms  levels,  and 
narrow-band  rms  power  spectra  were  the  three  types  of  information  that 
were  desired  from  each  of  the  three  transducer  locations.  For  each 
location,  the  tunnel  velocity  was  to  be  varied  until  a  maximum  wide¬ 
band  rms  signal  was  obtained,  A  Disa  true  rms  meter  was  used  for  this 
purpose.  Small  adjustments  of  the  velocity  shifted  the  location  of 
reattachment  and  a  maximum  rms  reading  from  the  transducer  indicated 
that  reattachment  was  occurring  at  the  location  of  measurement.  Having 
achieved  this  condition,  the  power  spectrum  of  the  signal  was  to  be 
recorded.  Also,  information  on  peak  pressure  fluctuations  was  to  be 
obtained  from  the  signal  trace  on  the  oscilloscope.  The  same  type  of 
information  was  to  be  obtained  for  the  case  of  an  artifically  tripped 
boundary  layer.  Because  of  the  aforementioned  problem  with  the 
resonance,  the  procedure  was  modified  and  will  be  discussed  in  the 
results. 
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7.3  Results  of  Fluctuating  Pressure  Measurements 

The  results  of  the  fluctuating  pressure  measurements  in  the 
reattachment  region  of  a  2.0-in.  diameter  hemispherical  headform  are 
presented  here  and  are  then  briefly  discussed.  The  data  are  shown  as 
rms  pressures  (60.0  Hz  bandwidth)  normalized  by  the  dynamic  pressure 
(1/2  pU^  )  as  a  function  of  the  Strouhal  number  based  on  the  length 
of  the  separation  region.  (The  appropriate  lengths  for  the  separation 
region  were  calculated  from  the  data  in  Figure  53,  which  shows  the 
locations  of  boundary  layer  reattachment  on  a  2.0-in.  diameter  hemi¬ 
spherical  nose  versus  Reynolds  number.)  Figures  56,  57,  and  58  show 
plots  for  several  test  velocities  at  measurement  locations  of  x/D  = 
0.575,  0.550,  and  0.525,  respectively. 

The  original  test  results  were  complicated  by  the  effects  of  a 
resonance  in  the  cavity  over  the  transducer  as  mentioned  previously. 
Details  of  the  calibration  which  was  performed  to  correct  for  this 
problem  are  presented  in  Appendix  B.  A  description  of  the  entire  data 
reduction  procedure  is  given  in  Appendix  C. 

The  proposed  scheme  to  find  the  actual  pressure  fluctuation 
levels  at  three  different  velocities  involved  adjusting  the  velocity 
to  get  a  maximum  reading  on  a  rms  meter  (wide  band)  for  each  of  three 
transducer  locations.  Unfortunately,  the  resonance  of  the  transducer 
cavity  influenced  the  readings  and  this  method  was  not  considered 
reliable.  Instead,  three  series  of  power  spectra  (one  for  each 
transducer  position)  were  recorded  for  several  velocities  and  then 
corrected  for  the  effect  of  the  resonance.  The  power  spectra  indicat¬ 
ing  the  greatest  amount  of  energy  in  each  series  were  then  considered. 


Levels  of  normalized  rms  pressure  fluctuations  on  a  2.0-in.  diameter 
hemispherical  nose  as  a  function  of  Strouhal  number  for  several  valui 
of  free  stream  velocity  (measured  at  x/D  =  0.575). 
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Is  of  normalized  rms  pressure  fluctuations  on  a  2.0-in.  diameter 
spherical  nose  as  a  function  of  Strouhal  number  for  several  values 
ree  stream  velocity  (measured  at  x/D  =  0.550). 


STROUHAL  NUMBER,  S{ 

Figure  58.  Levels  of  normalized  rms  pressure  fluctuations  on  a  2.0-in.  diameter 
hemispherical  nose  as  a  function  of  Strouhal  number  for  several  valui 
of  free  stream  velocity  (measured  at  x/D  =  0.525). 


Three  curves  corresponding  to  these  maximum  levels  are  presented 


in  Figure  59  as  plots  of  rms  pressure,  nondimensional i zed  by  the 
dynamic  head,  versus  frequency.  Figure  60  shows  the  same  data  as  a 
function  of  the  Strouhal  number,  S^,  based  on  the  length  of  the  separa¬ 
tion  region.  Figures  61  and  62  are  presented  to  show  the  effect  of  a 
boundary  layer  trip  on  the  turbulent  pressure  fluctuations  for  free 
stream  velocities  of  40.0  and  70.0  fps,  respectively. 

7.4  Discussion 

All  fluctuating  pressure  signals  were  measured  on  a  real-time 
signal  analyzer  over  a  frequency  range  of  0.5  to  20.0  kHz  with  a  rms 
bandwidth  of  60.0  Hz.  In  general,  two  peaks  were  observed  in  the  power 
spectra  of  the  measured  signals  for  most  velocities.  The  higher 
frequency  peaks  shifted  with  free  stream  velocity  and  suggest  a 
Strouhal  effect,  whereas  the  lower  frequency  peaks  did  not  show  this 
shift.  As  a  function  of  the  Strouhal  number  (Figures  56,  57,  and  58), 
the  higher  frequency  peaks  all  occurred  within  the  Strouhal  number 
range  of  10.0  to  14.0.  The  occurrence  of  two  energy  peaks  is  in 
agreement  with  the  results  of  Arakeri  [26],  who  also  measured  fluctuat¬ 
ing  pressures  in  the  reattachment  region,  on  a  2.0-in.  diameter  hemi¬ 
spherical  headform.  He  associates  the  lower  frequency  energy  peak 
with  the  oscillatory  nature  of  the  reattachment  region  and  the  higher 
frequency  peak  with  transitional  waves  of  the  free  shear  layer.  This 
explanation  is  consistent  with  the  results  of  this  investigation. 

Figure  63  is  a  sketch  illustrating  this  idea.  Both  energy  peaks  are 
definitely  associated  with  the  presence  of  boundary  layer  separation 
as  indicated  by  the  results  for  the  two  tripped  cases  presented  in 
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Figured  59.  Maximum  normalized  rms  pressure  fluctuation  levels  plotted  against  frequency 
for  three  different  velocities  on  a  2.0-in.  diameter  hemispherical  nose. 


Figure  60.  Maximum  normalized  rms  pressure  fluctuation  levels 
plotted  against  Strouhal  number  for  three  different 
velocities  on  a  2.0-in.  diameter  hemispherical  nose. 


Figure  61.  Maximum  normalized  rms  pressure  fluctuation  levels  versus 
Strouhal  number  for  a  tripped  and  a  nontripped  2.0-in. 
diameter  hemispherical  nose  (measured  at  x/D  =  0.550). 


Figure  62.  Maximum  normalized  rms  pressure  fluctuation  levels  versus 

Strouhal  number  for  a  tripped  and  a  nontripped  2.0-in.  diameter 
hemispherical  nose  {measured  at  x/D  =  0.525). 
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Figures  61  and  62.  By  eliminating  boundary  layer  separation,  the 
fluctuating  pressure  level  was  decreased  considerably  and  both  energy 
peaks  were  completely  eliminated. 


Results  similar  to  those  for  a  tripped  boundary  layer  were 
observed  for  the  case  when  reattachment  occurred  a  sufficient  distance 
upstream  from  the  point  of  measurement.  Apparently,  a  fully  attached 
turbulent  boundary  layer  develops  rapidly  and  the  pressure  fluctuations 
associated  with  transition  and  reattachment  quickly  die  out  with 
distance.  This  is  indicated  in  Figure  56  for  free  stream  velocities 
of  50.0  and  60.0  fps.  The  distance  from  reattachment  to  the  point 
of  measurement  is  approximately  0.035  and  0.044  body  diameters, 
respectively.  Both  spectral  curves  indicate  relatively  low  turbulent 
pressure  energy  with  no  significant  energy  peaks.  These  curves  are, 
in  fact,  very  similar  to  those  obtained  for  tripped  boundary  layers 
shown  in  Figures  61  and  62. 

Maximum  rms  pressure  fluctuation  levels,  P'  ,  were  observed 

rmsMAX 

for  free  stream  velocities  of  24.0,  40.0,  and  70.0  fps,  thereby 
indicating  the  corresponding  positions  of  reattachment  at  x/D  =  0.575, 
0.550,  and  0.525,  respectively.  These  three  cases  are  presented  as 
plots  of  normalized  rms  pressure  versus  frequency  in  Figure  59.  Two 
energy  peaks  are  evident  on  all  three  curves.  Frequencies  corre¬ 
sponding  to  the  higher  frequency  peaks  ire  4.0,  7.5,  and  14.0  kHz 
for  =  25.0,  40.0,  and  70.0  fps,  respectively.  Lower  frequency 
peaks  all  occurred  at  approximately  500  Hz.  Figure  64  shows  two 


separate  plots  of  normalized  peak  levels  which  correspond  to  the  lower 
and  higher  frequency  energy  peaks  (from  Figure  59)  versus  velocity. 


LOWER  FREQUENCY  PEAK  VALUES 
(FREQUENCIES  LESS  THAN  1.0  kH 


Variation  in  peak  values  of  normalized  maximum  rms  pressure  fluctuations 
with  velocity  for  higher  and  lower  frequency  energy  peaks. 


The  level  of  the  higher  frequency  peaks  which  corresponds  to  transi¬ 
tional  energy  decreased  approximately  as  one  over  the  square  of  the 
velocity.  The  maximum  level  or  normalized  P'  of  0.114  occurs  at 

a  free  stream  velocity  of  25.0  fps  for  this  higher  frequency  case. 

The  level  of  the  lower  frequency  peaks  which  is  associated  with  the 
oscillatory  nature  of  reattachment  is  nearly  constant  with  velocity. 

At  free  stream  velocities  of  70.0  and  40.0  fps,  the  averaged  value 
of  the  normalized  P*  is  approximately  0.075  and  drops  to  about 

rmsMAX 

0.059  at  U  *  25.0  fps. 

For  the  sake  of  comparison,  the  three  positions  of  maximum 
pressure  fluctuations  are  presented  as  a  function  of  their  corre¬ 
sponding  indicated  free  stream  velocities  in  Figure  53.  This  graph 
shows  plots  of  transition  location  versus  velocity  for  a  hemispherical 
headform.  The  trends  show  good  agreement.  It  can  be  seen  that  the 
positions  of  maximum  pressure  fluctuations  corresponding  to  reattach¬ 
ment  occur  just  downstream  of  the  measured  locations  of  transition. 
This  result  is  expected  since  transition  always  precedes  reattachment 
in  the  streamwise  sense. 

The  measured  peak  frequencies  corresponding  to  the  transitional 
waves  (higher  frequency)  on  the  free  shear  layer  appear  to  agree 
reasonably  well  with  the  calculated  Tollmien-Schl ichting  frequencies 
estimated  by  the  method  of  Jaffe,  Okamura,  and  Smith  [33].  In  Figure 
65,  the  peak  frequencies  (some  are  averages)  measured  on  the  hemi¬ 
spherical  headform  for  several  velocities  are  compared  with  the 
calculations  performed  by  Gates  [13]  for  a  2.0-in.  diameter  hemispher¬ 
ical  nose.  The  calculations  were  carried  out  at  the  theoretical 
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location  of  boundary  layer  separation.  Such  agreement  seems  remarkable 
since  the  theory  assumes  an  attached  laminar  boundary  layer,  whereas 
the  measurements  were  made  in  the  presence  of  a  separated  laminar  shear 
layer.  Arakeri  [261  also  reports  very  good  agreement  between  Smith's 
method  and  the  measured  critical  frequency  on  a  2.0-in.  diameter,  1.5- 
caliber  ogive  nose.  In  this  case,  however,  the  measurement  was  made 
upstream  of  separation  in  presumably  an  attached  laminar  boundary 
layer. 

Bubble-ring  cavitation  on  the  hemispherical  nose  occurs  in  the 
region  of  boundary  layer  reattachment.  Its  transient  nature  suggests 
that  it  occurs  as  a  result  of  the  fluctuating  pressures  measured  in 
this  region.  It  is  not  known,  however,  which  energy  peak  (higher  or 
lower  frequency)  may  be  responsible.  Bubble-ring  cavitation  pre¬ 
dominates  at  high  velocities.  This  suggests  that  the  higher  frequency 
energy  is  not  as  important  since  its  level  drops  off  rapidly  with 
velocity.  At  70.0  fps  the  lower  frequency  peak  at  a  level  of  0.071 
is  greater  than  the  higher  frequency  peak  by  a  factor  of  nine  (see 
Figure  64). 

These  pressure  fluctuation  data  are  related  to  cavitation  on  the 
hemispherical  nose  by  Equations  (20)  and  (21).  The  value  of  Aa 
[Equation  (20)]  is  estimated  from  Figure  21  to  be  0.03.  Therefore, 
from  Equation  (21),  it  can  be  seen  that 
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=  0.03  , 


(28) 


where  PJ,  is  the  instantaneous  pressure  fluctuation  in  the  reattachment 
region.  Since  instantaneous  peak  readings  are  greater  than  rms  values, 
the  fluctuating  pressure  data  should  be  considered  as  a  lower  limit 
for  the  actual  pressure  fluctuations.  In  any  event,  bubble-ring 
cavitation  appears  to  be  produced  by  pressure  fluctuations  whose  non- 
dimensional  ized  level  is  approximately  0.03.  This  result  suggests 
that  the  lower  frequency  energy  is  responsible  for  bubble-ring 
cavitation.  Figure  64  shows  that  the  higher  frequency  energy  level  at 
70.0  fps  is  less  than  0.01  and,  therefore,  rather  low  to  be  considered 
important.  This  result  is  not  conclusive,  however,  because  information 
on  instantaneous  pressure  fluctuations  at  these  two  frequency  ranges  is 
not  available.  Normally,  instantaneous  pressure  readings  are  taken 
directly  from  an  oscilloscope  trace  of  the  signal.  Because  of  the 
cavity  resonance  which  was  present  in  all  of  the  tests,  instantaneous 
pressure  readings  were  unreliable.  An  additional  point  to  consider 
here  is  that  bubble-ring  cavitation  on  the  hemispherical  nose  is 
observed  adjacent  to  the  model  surface;  this  suggests  its  origin  is 
in  the  turbulent  region  of  reattachment  rather  than  away  from  the  body 
in  the  free  shear  layer.  Photographs  of  bubble-ring  cavitation  and 
boundary  layer  visualization  by  Van  der  Meulen  [17]  for  a  10.0  mm 
(0.4-in.)  diameter  hemispherical  headform  show  this  quite  clearly. 
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CHAPTER  8 

SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS  FOR 
FUTURE  STUDIES 


8. 1  Summary 

Several  types  of  limited  cavitation  were  observed  on  the  three 
models  tested  in  the  present  investigation.  Four  basic  types  were 
noted  and  are  listed  below: 

1)  transient  cavitation, 

2)  band  cavitation, 

3)  fixed-patch  cavitation,  and 

4)  developed  cavitation. 

Two  general  forms  of  transient  cavitation  were  observed,  namely, 
travelling  cavitation  and  bubble-ring  cavitation.  Travelling  cavitation 
was  the  most  frequently  observed  type  of  cavitation  and  occurred  on  all 
three  models.  Two  forms  of  travelling  cavitation  were  noted,  namely, 
travelling-bubble  and  travelling-patch  cavitation.  Travelling-patch 
cavitation  was  observed  mostly  at  higher  velocities  (50.0  to  70.0  fps) 
when  very  few  bubbles  were  visible  in  the  free  stream.  This  form  of 
transient  cavitation  was  generally  not  seen  on  the  hemispherical  nose. 
Travelling-bubble  cavitation  was  observed  on  all  three  models,  most 
notably,  at  low  velocities  (20.0  to  30.0  fps)  when  free  stream  bubbles 
were  visible  in  the  test  section.  In  general,  for  travelling  cavitation, 
decreased  with  an  increase  in  velocity  and  increased  with  an  increase 
in  air  content.  Simple  calculations  were  performed  to  obtain  Rmax>  the 
radius  of  the  largest  nuclei  present  in  the  flow  and  those  assumed  to 
produce  cavitation  at  the  minimum  pressure  of  the  particular  model  for 
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conditions  of  limited  cavitation  from  data.  The  results  suggested 

that,  for  the  three  models  at  a  particular  velocity,  a  relatively  small 

range  of  nuclei  sizes  was  involved  in  limited  travelling  cavitation. 

Secondly,  for  an  increase  in  the  tunnel  velocity  from  20.0  to  70.0  fps 

the  average  value  of  R  v  decreased  by  two  orders  of  magnitude.  Similar 

trends  were  noted  in  the  values  of  R  calculated  from  limited  travel- 

max 

ling  cavitation  data  from  various  other  models  and  test  facilities. 

Band  cavitation  was  observed  on  the  hemispherical  nose  at  all  test 
velocities  and  on  the  DTNSRDC  nose  for  velocities  of  30.0  fps  or  less. 
Band  cavitation  only  occurred  when  laminar  boundary  layer  separation 
was  present.  The  value  of  a ^  for  band  cavitation  increased  slightly 
with  an  increase  in  velocity  and  showed  little  variation  with  a  change 
in  air  content.  A  unique  form  of  transient  cavitation,  namely,  bubble¬ 
ring  cavitation,  was  observed  only  on  the  hemispherical  nose  and  is 
apparently  associated  with  the  pressure  fluctuations  in  the  boundary 
layer  reattachment  region.  The  trend  in  a ^  with  velocity  for  bubble¬ 
ring  cavitation  was  similar  to  that  for  band  cavitation.  For  low  values 
of  air  content  (less  than  four  parts  per  million)  bubble-ring  cavitation 
did  not  occur. 

Fixed-patch  cavitation  occurred  on  the  Schiebe  and  DTNSRDC  noses, 
most  notably  at  higher  velocities  (40.0  to  70.0  fps).  This  type  of 
cavitation  formed  despite  efforts  to  keep  the  model  surfaces  polished 
and  free  of  roughness.  The  value  of  a ^  for  fixed-patch  cavitation 
increased  significantly  with  an  increase  in  free  stream  velocity.  Free 
stream  bubbles  which  were  associated  with  high  air  content  appeared  to 
suppress  the  formation  of  fixed-patch  cavitation  or  cause  the  cavities 
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to  become  unsteady.  This  type  of  cavitation  was  occasionally  observed 
on  the  hemispherical  nose,  however,  cleaning  the  model  eliminated  its 
formation. 

The  Schiebe  and  the  DTNSRDC  noses  both  exhibited  developed  cavita¬ 
tion  which  resulted  in  a  dramatic  change  in  the  flow  characteristics 
of  each  body.  The  value  of  for  developed  cavitation  increased 
significantly  with  an  increase  in  free  stream  velocity,  but  changed 
little  with  air  content. 

Mean  pressure  measurements  over  a  2.0-in.  diameter  hemispherical 
nose  indicate  laminar  boundary  layer  separation  at  a  free  stream 
velocity  of  70.0  fps  (Rep  =  1.17  x  106).  The  value  of  for  band 
cavitation  appears  to  scale  approximately  with  the  experimentally 
derived  value  of  pressure  coefficient  at  the  location  of  transition. 


Results  of  fluctuating  pressure  measurements  on  the  hemispherical 
nose  in  the  region  of  boundary  layer  reattachment  were  presented.  The 
results  suggest  that  turbulent  energy  in  this  region  comes  from  two 
sources,  namely,  transitional  waves  on  the  free  shear  layer  and 
oscillations  of  the  reattachment  region.  These  results  were  initially 
given  by  Arakeri  [26].  The  energy  from  the  oscillations  of  reattach¬ 
ment  may  be  associated  with  the  formation  of  bubble-ring  cavitation. 
Further  analysis  of  these  measurements,  although  not  within  the  scope 
of  this  investigation,  may  be  helpful  in  understanding  the  relationship 
between  fluctuating  pressures  and  cavitation  inception. 
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8.2  Concl usions 

The  following  conclusions  are  based  on  results  from  the  present 
i nvesti gations: 

1.  The  nuclei  characteristics  of  a  particular  test  facility  play 
a  major  part  in  determining  the  travelling  cavitation  characteristics 
of  a  test  body,  regardless  of  the  body  shape  or  size.  In  the  present 
facility,  travelling  cavitation  was  observed  on  all  three  noses. 
Observations  of  bubbles  in  the  free  stream  indicated  that  the  number 
and  size  of  free  stream  nuclei  increased  with  decreasing  test  velocity 
during  the  course  of  a  routine  limited  cavitation  test.  The  limited 
cavitation  number  also  increased  for  decreasing  test  velocities.  A 
decreasing  trend  in  a ^  with  velocity  for  travelling  cavitation  was 
also  reported  by  Van  der  Meulen  [17]  for  a  10-mm  diameter  Schiebe  nose 
and  Schiebe  [20]  for  a  0.625-in.  diameter  ITTC  nose.  Gates  [13] 
concluded  that  for  models  which  exhibited  laminar  boundary  layer 
separation, removal  of  laminar  separation  resulted  in  travelling-bubble 
cavitation.  The  value  of  the  limited  cavitation  number  for  this  type 
of  cavitation  generally  depends  on  the  nuclei  population. 

The  characteristic  size  of  free  stream  nuclei  in  a  recirculating 
water  tunnel  facility  may  change  dramatically  during  the  course  of  a 
cavitation  test.  Visual  observations  during  limited  cavitation  tests 
in  the  present  investigation  indicate  that  much  larger  nuclei  occur  at 
lower  tunnel  speeds.  Generally,  at  high  tunnel  speeds  free  stream 
nuclei  were  too  small  to  see.  This  effect  is  a  consequence  of  lower 
tunnel  pressure  occurring  at  the  lower  velocities  and  is  enhanced  by 
increased  air  content.  Simple  calculations  showed  an  increase  in  free 
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stream  nuclei  size  by  nearly  two  orders  of  magnitude  during  the  course 
of  a  single  test.  Similar  results  were  obtained  from  various  other 
water  tunnel  facilities. 

2.  Axi symmetric  laminar  boundary  layer  separation  may  have  a 
significant  effect  on  the  cavitation  characteristics  of  a  body.  The 
separation  region  provides  a  site  for  attached  band  cavitation.  On 
some  models,  the  pressure  fluctuations  in  the  region  of  boundary  layer 
reattachment  produce  bubble-ring  cavitation. 

Mean  pressure  measurements  over  a  2.0-in.  diameter  hemispherical 
nose  showed  that  transition  and  reattachment  moved  upstream  for 
increased  free  stream  velocity  (see  Figure  49).  Limited  cavitation 
data  for  band  cavitation  on  this  body  scale  very  well  with  the  measured 
value  of  pressure  coefficient  associated  with  an  arbitrarily  defined 
point  of  transition  [refer  to  Section  5.2. 1.1,  Figure  44  and  Equation 
(17)].  It  is  believed  that  the  tendency  for  (band)  to  increase  with 
velocity  is  due  to  the  corresponding  movement  of  transition  closer  to 
the  minimum  pressure  point.  It  appears  that  for  all  bodies  which 
exhibit  band  cavitation  Equations  (18)  and  (19)  hold  for  measured  or 
calculated  values  of  Cp^.  This  relationship  is  in  agreement  with  the 
results  of  Arakeri  and  Acosta  [15]  for  an  ITTC  nose  but  differs  from 
their  results  for  a  hemispherical  nose.  No  reason  can  be  given  for  this 
discrepancy,  however,  their  limited  cavitation  data  seem  quite  high  as 
shown  in  Figure  44. 

Complete  removal  of  laminar  boundary  layer  separation  resulted  in 
the  elimination  of  all  traces  of  band  cavitation  from  the  hemispherical 
nose  (see  Figures  27  and  28).  From  cavitation  observations  on  a 
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tripped  hemispherical  nose,  it  is  believed  that,  in  general,  if  laminar 
separation  is  entirely  removed  from  a  model  no  attached  form  of  band 
cavitation  will  appear.  This  conclusion  appears  to  be  inconsistent 
with  the  results  of  Arakeri  and  Acosta  [15],  Van  der  Meulen  [17],  and 
Gates  [13],  who  observed  attached  cavities  which  they  described  as 
intermittent  and  rough  forms  of  band  cavitation  in  the  presence  of  a 
presumably  tripped  boundary  layer.  It  is  suspected  that,  in  these 
cases,  separation  occurred  intermittently  or  the  separation  region 
was  not  completely  removed. 

Fluctuating  pressure  measurements  in  the  reattachment  region  of 
a  2.0-in.  diameter  hemispherical  nose  revealed  the  existence  of  two 
fluctuating  contributions,  namely,  higher  frequency  transitional  waves 
on  the  free  shear  layer  and  lower  frequency  oscillations  of  the 
reattachment  region.  This  result  is  in  agreement  with  the  observations 
of  Arakeri  [26].  Characteristic  frequencies  of  the  energy  associated 
with  transitional  waves  increased  with  velocity  and  correlated  well 
with  the  Strouhal  number  based  on  measured  separation  length  and  free 
stream  velocity.  The  level  of  rms  pressure  (normalized  by  l/2pUoo2) 
for  this  higher  frequency  energy  dropped  off  very  nearly  as  the  inverse 
of  the  square  of  the  free  stream  velocity.  Turbulent  pressure  energy 
associated  with  the  oscillatory  nature  of  reattachment  has  a  relatively 
low  characteristic  frequency  (under  1.0  kHz),  which  did  not  appear  to 
change  with  velocity.  Nearly  constant  rms  pressure  fluctuations  of  the 
order  of  7.0  percent  of  the  dynamic  head  were  measured. 

The  equation  for  limited  bubble-ring  cavitation  is  given  by 
Equation  (21)  (see  Chapter  5,  Section  5.2. 1.4).  From  limited  cavitation 
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data  for  band  and  bubble-ring  cavitation,  we  find  that  P^/l/2 p  U^2  =  0.03, 
and  is  nearly  constant  with  velocity.  The  results  of  pressure  fluctua¬ 
tion  measurements  are  all  rms  values.  They  are,  therefore,  assumed  to 
be  an  indication  of  the  lower  limit  for  the  instantaneous  pressure 
levels  (/P^m$  <  P1).  Since  it  was  found  that  for  the  lower  frequency 
energy  /P^m~  / 1/2  p  U^2  s  0.07;  this  energy  contribution  is,  therefore, 
suspected  to  be  the  important  mechanism  for  bubble-ring  cavitation  on 
the  hemispherical  nose.  Turbulent  pressure  energy  from  higher  frequency 
transitional  waves  is  not  believed  to  be  important  to  the  formation  of 
bubble-ring  cavitation  on  this  body.  The  rms  pressure  level  for  the 
higher  frequency  energy  on  the  hemispherical  nose  was  observed  to 
increase  significantly  with  a  decrease  in  velocity.  This  trend  may  be 
related  to  the  increasing  size  of  the  separation  region.  Therefore, 
this  high  frequency  source  may  be  important  on  bodies  which  exhibit  a 
larger  separation  region.  For  example,  bubble-ring  cavitation  has  been 
observed  in  the  region  of  the  free  shear  layer  on  the  1/8-caliber  ogive 
nose;  a  body  which  exhibits  a  large  separation  region  as  shown  by 
Arakeri ,  Carroll,  and  Hoi  1  [34]. 

3.  The  occurrence  of  attached  cavitation  on  a  body  whose  boundary 
layer  is  theoretically  predicted  not  to  separate  strongly  suggests  the 
presence  of  cavitation-induced  boundary  layer  separation.  This 
statement  is  supported  by  the  observations  of  both  fixed-patch  and 
developed  cavitation  on  the  OTNSRDC  and  Schiebe  noses  which  correspond 
to  cases  of  attached  boundary  layer  flow.  It  is  believed  that  initial 
cavitation  produces  a  disturbance  which  causes  flow  separation.  This 
separation  region  then,  in  turn,  provides  a  site  for  an  attached  cavity. 
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This  hypothesis  is  further  supported  by  the  fact  that  the  leading  edges 
of  both  fixed-patch  and  developed  cavitation  always  seems  to  occur  just 
downstream  of  the  minimum  pressure  location  in  a  strong  adverse  pressure 
gradient.  The  boundary  layer  in  this  region  is  quite  prone  to  laminar 
separation. 

The  observations  of  fixed-patch  cavitation  indicate  the  need  for 
further  studies  to  better  understand  the  mechanisms  involved  in  its 
formation.  Unanswered  questions  associated  with  fixed-patch  cavitation 
include  the  following: 

1)  How  does  fixed-patch  cavitation  become  attached  to  a  seemingly 
smooth  model?  What  types  and  sizes  of  surface  roughness  are 
involved? 

2)  Why  do  limited  cavitation  data  decrease  for  an  increase  in 
air  content? 

3)  Why  is  fixed-patch  cavitation  predominant  on  the  Schiebe  and 
DTNSRDC  noses  but  only  rarely  observed  on  the  hemispherical 
nose? 

4.  Several  different  types  of  limited  cavitation  were  observed  on 
three  different  axi symmetric  models  in  the  present  investigation.  A 
summary  chart  is  presented  in  Table  3  listing  the  types  of  cavitation 
and  their  characteristics.  The  observations  of  such  varied  types  of 
limited  cavitation  on  axisymmetric  models  suggests  the  following  points: 

1)  In  documentation  of  any  limited  cavitation  tests,  a  detailed 
description  of  the  observed  cavitation  types  should  accompany 
the  cavitation  data.  Quantitative  information  about  free 
stream  nuclei  is  also  important. 


Summary  of  Cavitation  Observations 


Developed 
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2)  When  making  comparisons  between  cavitation  characteristics 
of  different  models,  one  must  consider  not  only  the  cavitation 
data  but  also  the  type  of  cavitation  that  the  data  represent 
and  the  associated  free  stream  nuclei  characteristics. 

8.3  Recommendations  for  Future  Studies 

The  present  investigation  of  limited  cavitation  on  axi symmetric 
models  has  provided  some  insight  into  the  mechanisms  involved  in  the 
cavitation  process.  Secondly,  this  investigation  has  yielded  numerous 
unanswered  questions  which  require  further  work.  The  following  is  a 
list  of  recommendations  for  future  studies: 

1)  Investigate  limited  cavitation  on  bodies  with  surface  roughness 
(isolated  and/or  distributed,  indentations  and/or  extrusions) 
which  are  located  in  a  strong  adverse  pressure  gradient. 

Also,  the  effects  of  laminar  and  turbulent  boundary  layers 
should  be  studied.  These  recommendations  would  be  helpful  in 
understanding  fixed-patch  cavitation. 

2)  Perform  a  theoretical  analysis  of  travelling-bubble  cavitation. 
Using  measured  values  for  initial  nuclei  size,  perform  calcula¬ 
tions  and  compare  the  results  with  observed  bubble  growth. 

3)  Perform  an  investigation  of  the  effects  of  temperature  and/or 
nuclei  population  on  bubble-ring  cavitation. 

4)  Perform  further  analysis  of  the  fluctuating  pressure  data 
presented  in  Chapter  7  and  relate  the  results  to  bubble-ring 
cavitation. 

5)  Investigate  the  cavitation  characteristics  of  additional  models 
including  axisymmetric  bodies  and  hydrofoils. 


6)  Conduct  a  photographic  study  of  the  various  forms  of  transient 
cavitation  using  both  still  and  high-speed  motion  photography. 


1 
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APPENDIX  A 

DISCUSSION  OF  EXPERIMENTAL  ERROR  IN  MEASUREMENTS 

Velocity  Measurements 

The  combination  of  Bernoulli's  equation  and  the  one-dimensional 
momentum  equation  for  incompressible  flow  through  a  pipe  of  varying 
diameter  yields  the  following: 


(29) 


where 


P  =  pressure, 
p  =  fluid  density, 

U  =  fluid  velocity,  and 
A  =  cross-sectional  area. 

By  letting  the  subscripts  o  and  °°  correspond  to  the  tunnel  plenum 
and  test  section,  respectively,  we  obtain  the  equation  for  the  free 
stream  velocity  in  the  test  section: 


U 

00 


-  (P0  - 

p  0 


p  )/ 


1  - 


(30) 


The  pressure  drop  through  the  contraction  (P  -  P^)  is  measured  and 
given  as  AP.  The  contraction  ratio  (Aot/A0)  equals  1/9.  Substitution 
yields 


U 


oo 


'81  AP 
40  p 


V2 


(31) 


Taking  the  first  derivative  of  Equation  (31)  gives 


(81  I 
[40  p 


81  AP 
40  p 


-v2 


d(AP) 


which  may  be  rewritten  as 

d(uJ  =  fo  p  IT  d^AP^  • 

00 

The  error  in  U  can,  therefore,  be  calculated  by  the  following 
equation: 


%  Error  in  x  100%  =  f(j  ^  -[pr  d(AP)  x  100%  , 

00  00 

where  d(AP)  is  the  transducer  accuracy  as  specified  by  the 
manufacturer  (±0.06  psi).  Equation  (34)  suggests  that  the  error 
in  measured  varies  from  about  ±0.1  percent  to  ±0.5  percent  for 
the  velocity  range  of  70.0  to  30.0  fps. 


Pressure  Coefficients 

The  experimental  pressure  coefficients  measured  over  the 
hemispherical  nose  were  calculated  as  follows: 


where 

P  =  stagnation  pressure  on  the  nose, 

P^  =  statJc  pressure  in  the  test  section,  and 

t  h 

Pn  =  pressure  measured  by  the  ntn  pressure  tap  on  the  nose. 


The  pressures  were  all  measured  with  a  single  differential  pressure 
transducer.  We  can,  therefore,  write  Equation  (35)  as 
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AP  ±  e 

r  =  — D - 

AP  ±  e 
1 


(36) 


where 

c  =  the  inherent  transducer  error, 

AP  =  P  -  P  ,  and 

1  1  CO 

APn  =  Pn  «  P  . 
n  n  °° 

The  maximum  error  in  Cp  measurements  can,  therefore,  be  written  as 


Error  in  Cp  = 
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(37) 


Letting  e/AP^  =  vn  and  e/AP1  =  v1 ,  Equation  (37)  becomes 
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Error  in  Cn  = 


Now, 


1/ 


P  1  -  v. 


-  1 


vn  +  vi 

1  -  v. 


+  1 


vn' 

/ 

i--  l' 

+  1/ 

* 

±-l 

vi 

vi 

t 

vi 

X.  i 

V 

•  1 


2  3  4 

=  +  V1  +  V1  +  Vj  + 


(38a) 

(38b) 

(38c) 

(38d) 

(39) 


166 


Equation  (38d)  can,  therefore,  be  written  as 


Error  in  Cp 


—  v1  +  v1  +VX  +  V, 


+  vx  +  +  vx3  +  v*  +  . . . ,  (40) 


which  may  be  written  as 

Error  in  Cp  =  vR  +  vx(vn  +  1)  +  v]2(vn  + 1)  +  vp3(vn  +  1)  +  vn4(vn+l)  + 

+  ...  .  (41) 


Substituting  the  values  for  vn  and  yields 


Error  in  Cp  =  +  ^ 


+  1  + 


AP, 


AP. 


+  1 


AP, 


AP. 


+  1 


(42) 


which  for  small  values  of  e/APn  and  e/AP1,  may  be  written  as 


%  Error  in  Cp  =  e 


AP. 


AP, 


X  100% 


(43) 


From  Equation  (43),  it  is  apparent  that  the  maximum  error  in  Cp  will 

occur  for  minimum  values  of  AP,  and  AP  ,  which  correspond  to  minimum 

in 

values  of  and  |Cp|,  respectively.  The  transducer  error  is  given  as 


c  =  ±  0.025  psi  . 


(44) 


Approximate  experimental  error  in  the  Cp  data  may  be  calculated  from 
Equation  (43).  For  a  typical  value  of  | Cp J  of  0.06,  the  resulting 
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error  ranges  from  about  1.1  percent  for  a  velocity  of  30.0  fps  to 
0.21  percent  for  a  velocity  of  70.0  fps. 


Cavitation  Number 

The  cavitation  number  is  calculated  in  the  present  investigation 
using  the  following  equation: 


a  = 


Patm  Pv  +  AP°> 
KAP 


where 


Patm  =  atmospheric  pressure, 

Pv  =  vapor  pressure  of  water, 

P^  =  free  stream  static  pressure, 

AP  =  P  -  P.+m,  and 

K  =  constant, 

The  deviation  in  o  may  be  written  as 


(45) 


d0 '  d(Pat")  +  ^ d(4PJ  +  d(4P)  (46) 


for  small  deviations  of  Pgtm,  APot,  and  AP.  The  partial  derivatives  in 
Equation  (46)  are  as  follows: 


3(o)  ,  =  1 


(47) 


4-(<zL  =  -L 

3 (AP  )  KAP 


(48) 


and 
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The  differentials  d(P  £m),  d(APOT),  and  d(AP)  correspond  to  the  error 
involved  in  measuring  Patm,  AP^,  and  AP,  respectively.  The  error  in 
measurement  of  a  may,  therefore,  be  approximated  by 

Error  In  a  -  £  -  ±  (j^r)  <f(PJtm)  +  (^)  d<4PJ  -  (^]  d(AP)  . 

(50) 

Equation  (50)  may  be  rewritten  as 

Error  in  a  =  ^  ^  [d(Patm)  +  d(APj)  '  d(AP)  *  (51) 

The  values  of  d(Pgtm),  d(APM),  and  d(AP)  are  approximately  ±0.025  psi, 
±0.03  psi,  and  ±0.06  psi,  respectively.  The  value  of  K  is  about  one. 
The  maximum  error  can  be  estimated  from  the  resulting  equation: 

%  Error  in  a  =  i  +  0.061  x  100%  ,  (52) 

Ar  O 

or  in  terms  of  U  [see  Equation  (31)], 

%  Error  in  a  =  —  (—  +  9.02]  x  100%  .  (53) 

U«.  *■  a 

From  the  above  analysis,  the  maximum  error  in  a  is  approximately  5.0 
percent. 

Another  source  of  error  in  the  measured  values  of  a  should  be 
mentioned.  The  calling  of  limited  cavitation  conditions  was  based 
on  observation.  The  error  due  to  human  judgment  may  be  quite 
significant,  particularly  for  transient  forms  of  cavitation.  The 
resulting  scatter  in  a  is  estimated  to  be  as  much  as  ±0.1. 


APPENDIX  B 


CALIBRATION  PROCEDURE  FOR  A  CAVITY-MOUNTED  DYNAMIC 
PRESSURE  TRANSDUCER 

An  undesirable  cavity  resonance  was  discovered  during  preliminary 
turbulent  pressure  measurements  made  with  a  cavity-mounted  pressure 
transducer  as  discussed  in  Chapter  VII.  A  cavity  resonance  occurred 
with  a  frequency  of  5.0  kHz  and  was  much  lower  than  the  calculated 
resonance  frequency  of  13.1  kHz.  It  seems  likely  that  the  wrong 
effective  cavity  volume  was  used  for  the  calibration  [Equation  (26)]. 
The  transducer  is  waterproofed  with  an  elastic  material  which  occupies 
a  small  region  over  the  sensing  element.  The  region  apparently  should 
have  been  included  as  part  of  the  cavity  volume  in  performing  the 
calculations.  Nevertheless,  the  test  program  was  carried  out  and  all 
of  the  test  results  showed  evidence  of  the  cavity  resonance.  A 
frequency  calibration  which  was  performed  later  was  used  to  correct 
the  test  data. 

The  calibration  procedure  is  based  on  the  substitution  principle 
of  known  and  unknown  receivers.  First,  the  unknown  receiver,  the 
cavity-mounted  transducer,  is  placed  in  a  fluctuating  pressure  field 
and  the  resulting  signal  spectrum  is  recorded.  Next,  the  known 
receiver,  in  this  case,  the  same  transducer  without  a  cavity,  is 
substituted  for  the  unknown  receiver  in  the  same  fluctuating  pressure 
field.  The  resulting  signal  is  also  recorded.  The  spectrum  from  the 
unknown  receiver  is  then  multiplied  by  the  inverse  of  the  spectrum 
from  the  known  receiver.  The  resulting  curve  shows  the  spectral  energy 
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associated  with  the  cavity  resonance  and  is  used  to  correct  the  test 
data. 

Two  different  transducer  mounting  arrangements  were  used  for  the 
unknown  and  the  known  cases.  For  the  unknown  case,  the  transducer 
was  mounted  in  a  housing  containing  the  cavity  and  duct.  The  housing 
is  the  same  one  used  for  the  actual  test  measurements.  The  housing 
was  anchored  in  an  assembly  which  duplicated  the  mounting  configuration 
of  the  test  model  except  for  the  flow  surface  which,  in  this  case,  was 
flat.  The  assembly  for  the  known  case  simply  anchored  the  transducer 
so  that  its  sensing  element  was  flush  with  the  outer  surface.  Sketches 
of  the  known  and  unknown  calibration  assemblies  are  shown  in  Figure  66. 
The  overall  shape  and  dimensions  of  the  two  calibration  assemblies 
were  the  same,  so  that  substitution  of  one  for  the  other  was  done 
easily.  The  fluctuating  pressure  field  was  produced  by  a  turbulent 
water  jet  in  air.  First,  the  cavity-mounted  configuration  was  posi¬ 
tioned  so  that  the  jet  impinged  directly  on  the  tiny  orifice  leading 
to  the  transducer  cavity.  A  signal  spectrum  was  recorded  over  the 
same  frequency  range  as  the  test  data.  The  plot  of  the  energy  spectrum 
of  the  unknown  [<j>(f )unknown^  Presented  in  Figure  67.  The  familiar 
resonance  spike  can  be  seen  in  this  spectrum.  The  "unknown"  assembly 
was  then  removed  and  the  flush-mounted  "known"  configuration  was  placed 
in  exactly  the  same  position  relative  to  the  jet.  The  spectrum  of 
this  signal  was  also  recorded  and  is  presented  as  <j>(f) j<nown  a^so  in 
Figure  67.  The  actual  frequency  content  of  the  turbulent  jet  is  not 
of  real  importance  because  both  known  and  unknown  receivers  measure 
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the  same  signal.  The  turbulent  source  should,  however,  meet  the 
following  requirements: 


1.  The  highest  frequency  of  the  calibration  signal  should 
be  at  least  as  high  as  the  highest  frequency  that  occurs 
in  the  test  data. 

2.  The  dimension  of  the  signal  source  (i.e.,  jet  cross- 
section)  should  be  at  least  as  large  as  the  transducer 
sensing  area. 

The  correlation  factor  C<J>1  (f ) ]  is  obtained  from  the  following 
equation: 

4>1(f)  -  ^(^fcnown  "  ^^unknown  * 

A  graph  of  (f)  is  presented  in  Figure  68.  The  effect  of  the  cavity 
resonance  present  in  the  test  data  is  eliminated  by  applying  the 
correction  factor  [<|>  (f)].  Further  details  of  the  data  reduction 
process  are  given  in  Appendix  C. 
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alibration  results  which  was  used  to  correct 
Ffect  of  cavity  resonance. 
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APPENDIX  C 

PROCEDURE  FOR  REDUCTION  OF  FLUCTUATING  PRESSURE  DATA 

Measured  fluctuating  pressure  data  were  recorded  as  spectral 
plots  of  dBv  versus  frequency.  In  order  to  obtain  absolute  pressure 
information  from  these  plots,  several  corrections  had  to  be  applied. 
These  corrections  are  as  follows: 

$(f)  =  4>fl  (f)  +  4>1(F)  +  <P2( f)  +  <P3  (55) 

and 

Prms  (f)  =  Jo  Log'1  0(f)]  ,  (56) 

rmsMAX  w 

where 

$(f)  =  rms  pressure  (in  dBv), 

<j>o(f)  =  original  test  data, 

$  (f)  =  correction  for  cavity  resonance, 

<J>2(f)  =  attenuation  due  to  frequency  response  of  charge 
amp! ifier, 

4>3  =  constant  (transducer  sensitivity),  and 

p‘  (f)  =  rms  pressure  (60.0  Hz  bandwidth). 
rmSMAX 

The  correction  factor  [<p  (f)]  in  Equation  (55)  is  needed  to  correct 
for  the  effect  of  the  cavity  resonance.  The  procedure  for  obtaining 
4»i  (f )  is  discussed  in  Appendix  B. 

The  signal  attenuation  due  to  the  frequency  response  of  the  charge 
amplifier  is  represented  by  <j>2(f).  This  information  was  obtained  by 
introducing  a  sinusoidal  signal  of  known  frequency  in  the  transducer 
circuit  and  comparing  the  analyzer  output  with  the  known  input  for 
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several  input  frequencies.  A  plot  of  the  resulting  attenuation  curve 
[<j>2(f)]  is  presented  in  Figure  69. 

The  final  term  <j>  in  Equation  (55)  corrects  for  the  transducer 
sensitivity,  m.  Its  value  is  assumed  constant  over  the  frequency 
range  of  interest  (0.5  to  20.0  kHz).  The  manufacturer's  value  for  the 
sensitivity  is  given  as  0.23  volts  per  psi  for  an  average  pressure 
signal  of  125.0  psia.  Because  the  dynamic  pressures  measured  in  the 
present  investigation  are  of  the  order  of  one  psia,  it  seemed  advisable 
to  check  the  sensitivity  for  a  correspondingly  lower  signal  amplitude. 

A  pistophone,  normally  used  for  calibrating  microphones,  was  used  for 
this  purpose.  The  output  of  the  pistophone  is  124.0  dB  re  2  x  10"5  Pa 
(0.005  psia)  with  a  frequency  of  250.0  Hz.  The  output  of  the  trans¬ 
ducer  was  measured  directly  with  an  oscilloscope.  The  sensitivity,  m, 
was  found  to  be  0.13  volts  per  psi.  Interpolation  to  a  one  psi  signal 
gave  essentially  the  same  result.  Therefore,  this  value  of  sensitivity 
was  used  in  the  data  reduction.  The  correction,  <j>3,  is  related  to  the 
sensitivity,  m,  by  the  following  relationship: 

4>3  =  20  log10(m)  .  (57) 

The  test  data  [<|>o(f)],  originally  recorded  in  dBy  versus  frequency, 
were  corrected  point  by  point  according  to  Equation  (55).  Equation  (56) 
was  then  used  to  obtain  absolute  pressure  levels.  The  data  correction 
procedure  is  illustrated  in  Figure  70.  Original  data  are  shown  as 
<j>0(f)  for  an  arbitrary  test  condition.  The  corrected  curve  is  labeled 

*(f). 


Figure  69.  Plot  of  signal  attenuation  due  to  the  frequency  response  characteristics 
of  charge  amplifier  used  in  fluctuating  pressure  measurements. 


FREQUENCY  (kHz) 

Figure  70.  Plot  showing  typical  measured  energy  spectrum  before  and  after 
corrections  for  cavity  resonance,  frequency  response,  and  gain. 
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APPENDIX  D 
DATA  TABULATIONS 


Tables 


1.  Theoretical  Pressure  Distributions 

a)  Hemispherical  Nose  4 

b)  Schiebe  Nose  5 

c)  DTNSRDC  Nose  6 

2.  Measured  Pressure  Distributions  -  Hemispherical  Nose  7-14 

3.  Limited  Cavitation  Data 

a)  Hemispherical  Nose  15-16 

b)  Schiebe  Nose  17  -  18 

c)  DTNSRDC  Nose  19-20 


Table  4.  Douglas  Neumann  Pressure  Distribution 


Model:  Hemispherical  Nose 
Cp(y_B)  -  Unblocked  case 

Cp,  .  "  With  blockage  (2.0-in.  diameter  model  in  12.0-in.  diameter 

tunnel) 


s 

D 

Cp 

(U-B) 

Cp(B) 

0.00000 

0.99997 

0.99997 

0.00180 

0.99993 

0.99993 

0.00270 

0.99984 

0.99983 

0.00372 

0.99979 

0.99979 

0.00485 

0.99965 

0.99964 

0.00609 

0.99952 

0.99951 

0.00744 

0.99933 

0.99931 

0.00891 

0.99913 

0.99910 

0.01049 

0.99876 

0.99873 

0.01218 

0.99851 

0.99847 

0.01398 

0.99791 

0.99785 

0.01590 

0.99751 

0.99745 

0.01793 

0.99678 

0.99670 

0.02007 

0.99607 

0.99597 

0.02233 

0.99525 

0.99513 

0.02470 

0.99417 

0.99402 

0.02718 

0.99313 

0.99296 

0.02978 

0.99174 

0.99153 

0.03248 

0.99032 

0.99008 

0.03530 

0.98856 

0.98827 

0.03823 

0.98674 

0.98640 

0.04128 

0.98456 

0.98417 

0.04444 

0.98220 

0.98175 

0.04771 

0.97970 

0.97919 

0.05110 

0.97659 

0.97599 

0.05459 

0.97365 

0.97298 

0.05820 

0.97002 

0.96926 

0.06192 

0.96611 

0.96525 

0.06576 

0.96205 

0.96109 

0.06971 

0.95753 

0.95645 

0.07377 

0.95226 

0.95105 

0.07794 

0.94734 

0.94600 

0.08223 

0.94107 

0.93957 

0.08663 

0.93512 

0.93347 

0.09114 

0.92826 

0.92643 

0.09576 

0.92095 

0.91894 

0.10050 

0.91334 

0.91114 

0.10535 

0.90492 

0.90249 

0.11032 

0.89610 

0.89345 

0.11539 

0.88646 

0.88357 

S 

D 

Cp 

(U-B) 

Cp(B) 

0.12058 

0.87653 

0.87338 

0.12588 

0.86611 

0.86269 

0.13130 

0.85417 

0.85044 

0.13683 

0.84239 

0.83836 

0.14247 

0.82965 

0.82529 

0.14822 

0.81646 

0.81176 

0.15409 

0.80193 

0.79686 

0.16007 

0.78733 

0.7819? 

0.16616 

0.77166 

0.76580 

0.17237 

0.75492 

0.74863 

0.17868 

0.73756 

0.73081 

0.18511 

0.72001 

0.71280 

0.19165 

0.70053 

0.69281 

0.19831 

0.68086 

0.67262 

0.20508 

0.66047 

0.65170 

0.21196 

0.63877 

0.62943 

0.21896 

0.61698 

0.60706 

0.22606 

0.59335 

0.58280 

0.23328 

0.56974 

0.55856 

0.24061 

0.54450 

0.53264 

0.24806 

0.51838 

0.50582 

0.25562 

0.49182 

0.47855 

0.26329 

0.46446 

0.45045 

0.27107 

0.43631 

0.42154 

0.27897 

0.40631 

0.39072 

0.28698 

0.37670 

0.36030 

0.29510 

0.34613 

0.32889 

0.30334 

0.31440 

0.29629 

0.31168 

0.28166 

0.26264 

0.32015 

0.24870 

0.22876 

0.32872 

0.21530 

0.19443 

0.33741 

0.18047 

0.15862 

0.34620 

0.14557 

0.12273 

0.35511 

0.10971 

0.08585 

0.36414 

0.07391 

0.04902 

0.37328 

0.03678 

0.01082 

0.38253 

-0.00032 

-0.02735 

0.39189 

-0.03728 

-0.06540 

0.40137 

-0.07445 

-0.10366 

0.41096 

-0.11277 

-0.14312 

181 


Table  4  (Continued).  Douglas  Neumann  Pressure  Distribution 
Model:  Hemispherical  Nose 


0 

D 

(U-B) 

tp 

...0) 

D 

(U-B) 

lyp(B) 

0.42065 

-0.15072 

-0.18221 

2.17840 

-0.02795 

-0.07081 

0.43047 

-0.18842 

-0.22104 

2.32936 

-0.02440 

-0.06804 

0.44039 

-0.22623 

-0.26001 

2.48033 

-0.02151 

-0.06591 

0.45043 

-0.26427 

-0.29921 

2.63129 

-0.01913 

-0.06425 

0.46059 

-0.30103 

-0.33711 

2.78226 

-0.01713 

-0.06295 

0.47085 

-0.33892 

-0.37618 

2.93323 

-0.01545 

-0.06192 

0.48124 

-0.37483 

-0.41324 

3.08419 

-0.01401 

-0.06111 

0.49173 

-0.41080 

-0.45035 

3.23516 

-0.01278 

-0.06046 

0.50233 

-0.44645 

-0.48716 

3.38613 

-0.01171 

-0.05995 

0.51305 

-0.48143 

-0.52329 

3.53709 

-0.01078 

-0.05953 

0.52388 

-0.51364 

-0.55657 

3.68806 

-0.00996 

-0.05920 

0.53482 

-0.54578 

-0.58980 

3.83902 

-0.00924 

-0.05894 

0.54588 

-0.57683 

-0.62192 

3.98999 

-0.00860 

-0.05872 

0.55704 

-0.60565 

-0.65175 

4.14096 

-0.00803 

-0.05855 

0.56832 

-0.63430 

-0.68143 

4.29192 

-0.00752 

-0.05841 

0.57972 

-0.66008 

-0.70815 

4.44289 

-0.00707 

-0.05830 

0.59122 

-0.68383 

-0.73279 

4.59385 

-0.00666 

-0.05821 

0.60284 

-0.70453 

-0.75431 

4.74482 

-0.00629 

-0.05814 

0.61457 

-0.72476 

-0.77536 

4.89579 

-0.00596 

-0.05808 

0.62641 

-0.74119 

-0.79250 

5.04675 

-0.00566 

-0.05803 

0.63837 

-0.75386 

-0.80576 

5.19772 

-0.00538 

-0.05799 

0.65045 

-0.76438 

-0.81683 

5.34868 

-0.00513 

-0.05796 

0.66263 

-0.77174 

-0.82465 

5.49965 

-0.00490 

-0.05793 

0.67492 

-0.77490 

-0.82814 

5. 65061 

-0.00469 

-0.05791 

0.68733 

-0.77295 

-0.82638 

5.80158 

-0.00450 

-0.05790 

0.69986 

-0.76767 

-0.82119 

5.95254 

-0.00433 

-0.05788 

0.71249 

-0.75749 

-0.81095 

6.10351 

-0.00417 

-0.05787 

0.72524 

-0.74027 

-0.79344 

6.25448 

-0.00402 

-0.05786 

0.73810 

-0.71633 

-0.76901 

6.40544 

-0.00388 

-0.05785 

0.75107 

-0.68378 

-0.73569 

6.55641 

-0.00376 

-0.05785 

0.76416 

-0.63933 

-0.69010 

6.70737 

-0.00365 

-0.05784 

0.77735 

-0.56851 

-0.61730 

6.85834 

-0.00354 

-0.05783 

0.79392 

-0.46877 

-0.51470 

7.00930 

-0.00345 

-0.05783 

0.81877 

-0.37320 

-0.41648 

7.16027 

-0.00336 

-0.05783 

0.85604 

-0.29922 

-0.34062 

7.31124 

-0.00328 

-0.05782 

0.91196 

-0.23259 

-0.27248 

7.46220 

-0.00320 

-0.05782 

0.99583 

-0.17370 

-0.21254 

7.61317 

-0.00314 

-0.05782 

1.12163 

-0.12378 

-0.16215 

7.78632 

-0.00307 

-0.05782 

1.27260 

-0.09007 

-0.12861 

8.03399 

-0.00298 

-0.05782 

1.42356 

-0.06931 

-0.10836 

8.40898 

-0.00288 

-0.05782 

1.57453 

-0.05535 

-0.09507 

8.95899 

-0.00278 

-0.05781 

1.72550 

-0.04540 

-0.08588 

9.78399 

-0.00273 

-0.05781 

1.87646 

-0.03803 

-0.07929 

11.03399 

-0.00291 

-0.05782 

2.02743 

-0.03238 

-0.07444 

12.90899 

-0.00293 

-0.05687 
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Table  5.  Douglas  Neumann  Pressure  Distribution 


Model:  Schiebe  Nose 

Cp  -  Unblocked  case 
' ( u-B ) 

Cpv  -  With  blockage  (2.0-in.  diameter  model  in  12.0-in. 
r(B)  tunnel) 


s 

Cp 

Cp 

S 

Cp 

D 

"(U-B) 

"(B) 

D 

P(U-B) 

0.00000 

0.99822 

0.99818 

0.71442 

-0.28579 

0.03484 

0.98817 

0.98787 

0.72604 

-0.27997 

0.05808 

0.97618 

0.97559 

0.73766 

-0.27454 

0.08132 

0.95957 

0.95857 

0.74927 

-0.26806 

0.10456 

0.93722 

0.93566 

0.76088 

-0.26251 

0.12779 

0.90804 

0.90575 

0.77250 

-0.25708 

0.15102 

0.86947 

0.86622 

0.78412 

-0.25123 

0.17426 

0.81823 

0.81368 

0.79573 

-0.24581 

0.19750 

0.74912 

0.74281 

0.80735 

-0.23993 

0.22073 

0.65238 

0.64360 

0.81896 

-0.23394 

0.24397 

0.51249 

0.50013 

0.83058 

-0.22804 

0.26722 

0.28868 

0.27052 

0.84220 

-0.22251 

0.29046 

-0.06475 

-0.09211 

0.85381 

-0.21622 

0.31367 

-0.50743 

-0.54652 

0.86543 

-0.21019 

0.33430 

-0.73766 

-0.78309 

0.87704 

-0.20554 

0.35173 

-0.75676 

-0.80303 

0.88866 

-0.20026 

0.37173 

-0.70559 

-0.75088 

0.90028 

-0.19486 

0.39495 

-0.66539 

-0.71003 

0.91189 

-0.19058 

0.41818 

-0.61763 

-0.66139 

0.92351 

-0.18664 

0.44142 

-0.56463 

-0.60733 

0.93512 

-0.18302 

0.46465 

-0.52988 

-0.57198 

0.94674 

-0.17957 

0.48789 

-0.50161 

-0.54329 

0.95835 

-0.17629 

0.51113 

-0.47131 

-0.51249 

0.96997 

-0.17317 

0.52856 

-0.44800 

-0.48877 

0.98159 

-0.17036 

0.54017 

-0.43219 

-0.47268 

0.99320 

-0.16681 

0.55179 

-0.41872 

-0.45899 

1.00481 

-0.16322 

0.56340 

-0.40784 

-0.44796 

1.01643 

-0.16008 

0.57502 

-0.39721 

-0.43718 

1.02805 

-0.15739 

0.58664 

-0.38757 

-0.42742 

1.03966 

-0.15395 

0.59825 

-0.37799 

-0.41772 

1.05128 

-0.15046 

0.60987 

-0.36841 

-0.40801 

1.06289 

-0.14741 

0.62148 

-0.35774 

-0.39718 

1.07451 

-0.14447 

0.63310 

-0.34768 

-0.38697 

1.08613 

-0.14154 

0.64472 

-0.33834 

-0.37750 

1.09774 

-0.13801 

0.65633 

-0.32878 

-0.36780 

1.10936 

-0.13571 

0.66795 

-0.31928 

-0.35818 

1.12097 

-0.13346 

0.67957 

-0.30931 

-0.34805 

1.13259 

-0.13021 

0.69119 

-0.30142 

-0.34006 

1.14420 

-0.12761 

0.70280 

-0.29380 

-0.33235 

1.16163 

-0.12465 

diameter 


-0.32423 

-0.31838 

-0.31291 

-0.30637 

-0.30079 

-0.29532 

-0.28942 

-0.28397 

-0.27803 

-0.27200 

-0.26603 

-0.26045 

-0.25410 

-0.24800 

-0.24332 

-0.23800 

-0.23255 

-0.22825 

-0.22430 

-0.22069 

-0.21724 

-0.21397 

-0.21087 

-0.20809 

-0.20454 

-0.20094 

-0.19781 

-0.19515 

-0.19171 

-0.18822 

-0.18518 

-0.18225 

-0.17933 

-0.17579 

-0.17353 

-0.17131 

-0.16805 

-0.16547 

-0.16257 
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Table  5  (Continued).  Douglas  Neumann  Pressure  Distribution 


Model:  Schiebe  Nose 


s 

D 

Cp 

P(U-B) 

Cn 

P(B ) 

1.18486 

-0.11956 

-0.15752 

1.20809 

-0.11487 

-0.15289 

1.23132 

-0.11075 

-0.14883 

1.25455 

-0.10666 

-0.14480 

1.27778 

-0.10262 

-0.14082 

1.30812 

-0.09783 

-0.13613 

1.35935 

-0.09058 

-0.12906 

1.42435 

-0.08251 

-0.12125 

1.48934 

-0.07546 

-0.11447 

1.55434 

-0.06929 

-0.10860 

1.61934 

-0.06387 

-0.10349 

1.68434 

-0.05902 

-0.09896 

1.74934 

-0.05458 

-0.09483 

1.81434 

-0.05037 

-0.09095 

1.87934 

-0.04655 

-0.08745 

1.94434 

-0.04319 

-0.08441 

2.00934 

-0.04013 

-0.08169 

2.07434 

-0.03741 

-0.07929 

2.13934 

-0.03494 

-0.07715 

2.20434 

-0.03269 

-0.07524 

2.26934 

-0.03068 

-0.07356 

2.22323 

-0.02901 

-0.07223 

2.39934 

-0.02768 

-0.07124 

2.46434 

-0.02636 

-0.07025 

2.52934 

-0.02481 

-0.06901 

2.59434 

-0.02308 

-0.06758 

2.65934 

-0.02155 

-0.06634 

2.72433 

-0.02018 

-0.06526 

2.78934 

-0.01917 

-0.06455 

2.85434 

-0.01849 

-0.06418 

2.91934 

-0.01774 

-0.06372 

2.98434 

-0.01696 

-0.06321 

3.04933 

-0.01630 

-0.06284 

3.11433 

-0.01606 

-0.06289 

3.17933 

-0.01614 

-0.06327 

3.24433 

-0.01632 

-0.06374 

3.30933 

-0.01638 

-0.06409 

3.37433 

-0.01577 

-0.06372 

3.43933 

-0.01484 

-0.06300 

3.50433 

-0.01383 

-0.06220 

S 

D 

Cp 

P(U-B) 

Cp 

P(B) 

3.56933 

-0.01276 

-0.06134 

3.63433 

-0.01168 

-0.06045 

3.69933 

-0.01057 

-0.05951 

3.76433 

-0.00959 

-0.05871 

3.82932 

-0.00872 

-0.05803 

3.89433 

-0.00799 

-0.05748 

3.95933 

-0.00761 

-0.05728 

4.02433 

-0.00792 

-0.05781 

4.08932 

-0.00864 

-0.05897 

4.15432 

-0.01004 

-0.06042 

4.21932 

-0.01132 

-0.06196 

4.29955 

-0.01160 

-0.06247 

4.43278 

-0.00977 

-0.06090 

4.60377 

-0.00803 

-0.05948 

4.77477 

-0.00726 

-0.05906 

4.94576 

-0.00666 

-0.05879 

5.11676 

-0.00619 

-0.05861 

5.28775 

-0.00578 

-0.05848 

5.45874 

-0.00543 

-0.05839 

5.62973 

-0.00512 

-0.05831 

5.80073 

-0.00485 

-0.05826 

5.97172 

-0.00461 

-0.05822 

6.14271 

-0.00440 

-0.05819 

6.31370 

-0.00421 

-0.05816 

6.48470 

-0.00403 

-0.05814 

6.65569 

-0.00388 

-0.05813 

6.82668 

-0.00374 

-0.05812 

6.99768 

-0.00361 

-0.05811 

7.16867 

-0.00350 

-0.05810 

7.33966 

-0.00340 

-0.05809 

7.51066 

-0.00330 

-0.05809 

7.68165 

-0.00322 

-0.05808 

7.83356 

-0.00315 

-0.05808 

8.04996 

-0.00307 

-0.05808 

8.42496 

-0.00295 

-0.05807 

8.97496 

-0.00284 

-0.05807 

9.79997 

-0.00277 

-0.05806 

11.04996 

-0.00294 

-0.05808 

12.92496 

-0.00295 

-0.05713 
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Table  6.  Douglas  Neumann  Pressure  Distribution 
Model:  DTNSRDC  Nose 


Cp(u_B)  -  Unblocked  case 


Cp(B)  ‘ 

With  blockage  (2.0-in. 
tunnel ) 

diameter  model 

in  12.0-in. 

diameter 

S 

D 

Cp(U-B) 

CP(B) 

S 

D 

Cp(U-B) 

CP(B) 

0.00000 

0.98951 

0.98924 

0.61089 

-0.49967 

-0.54559 

0.11250 

0.91834 

0.91621 

0.62903 

-0.48591 

-0.53167 

0.16250 

0.84382 

0.83971 

0.64773 

-0.47246 

-0.51808 

0.18750 

0.78294 

0.77721 

0.66699 

-0.45756 

-0.50299 

0.21250 

0.68969 

0.68146 

0.68676 

-0.44211 

-0.48735 

0.23250 

0.56630 

0.55474 

0.70704 

-0.42608 

-0.47109 

0.24750 

0.39739 

0.38127 

0.72782 

-0.40790 

-0.45262 

0.25666 

0.18783 

0.16606 

0.74905 

-0.38725 

-0.43159 

0.25915 

0.07500 

0.05019 

0.77071 

-0.36383 

-0.40771 

0.26068 

-0.00894 

-0.03602 

0.79277 

-0.33344 

-0.37661 

0.26230 

-0.06702 

-0.09567 

0.81797 

-0.28574 

-0.32767 

0.26437 

-0.13921 

-0.16983 

0.86371 

-0.21908 

-0.25932 

0.26688 

-0.22754 

-0.26055 

0.96662 

-0.15135 

-0.19036 

0.26985 

-0.31616 

-0.35160 

1.16612 

-0.09328 

-0.13210 

0.27330 

-0.40690 

-0.44483 

1.42261 

-0.06042 

-0.10013 

0.27724 

-0.50197 

-0.54252 

1.67910 

-0.04304 

-0.08402 

0.28173 

-0.58774 

-0.63069 

1.93559 

-0.03243 

-0.07475 

0.28680 

-0.66507 

-0.71021 

2.19208 

-0.02542 

-0.06908 

0.29252 

-0.72986 

-0.77686 

2.44857 

-0.02053 

-0.06546 

0.29896 

-0.78040 

-0.82891 

2.70506 

-0.01696 

-0.06309 

0.30622 

-0.81435 

-0.86393 

2.96155 

-0.01429 

-0.06151 

0.31438 

-0.83136 

-0.88158 

3.28216 

-0.01178 

-0.06022 

0.32358 

-0.83628 

-0.88684 

3.66689 

-0.00960 

-0.05931 

0.33391 

-0.82911 

-0.87970 

3.98751 

-0.00825 

-0.05886 

0.34553 

-0.81259 

-0.86295 

4.30812 

-0.00718 

-0.05857 

0.35856 

-0.79078 

-0.84081 

4.69285 

-0.00619 

-0.05836 

0.37313 

-0.76460 

-0.81419 

5.01346 

-0.00554 

-0.05825 

0.38939 

-0.73598 

-0.78508 

5.33407 

-0.00500 

-0.05818 

0.40747 

-0.70588 

-0.75446 

5.71880 

-0.00448 

-0.05813 

0.42476 

-0.68074 

-0.72893 

6.03941 

-0.00412 

-0.05810 

0.43806 

-0.66179 

-0.70969 

6.36002 

-0.00383 

-0.05809 

0.44936 

-0.64694 

-0.69460 

6.74476 

-0.00354 

-0.05808 

0.46119 

-0.63342 

-0.68090 

7.06537 

-0.00334 

-0.05807 

0.47358 

-0.61883 

-0.66610 

7.30439 

-0.00322 

-0.05806 

0.48652 

-0.60469 

-0.65176 

7.54017 

-0.00311 

-0.05806 

0.50004 

-0.59106 

-0.63796 

7.79017 

-0.00301 

-0.05806 

0.51412 

-0.57834 

-0.62510 

8.06516 

-0.00292 

-0.05805 

0.52879 

-0.56481 

-0.61141 

8.44016 

-0.00283 

-0.05805 

0.54404 

-0.55157 

-0.59801 

8.99016 

-0.00274 

-0.05805 

0.55989 

-0.53924 

-0.58556 

9.81517 

-0.00270 

-0.05805 

0.57630 

-0.52570 

-0.57188 

11.06516 

-0.00289 

-0.05806 

0.59330 

-0.51264 

-0.55868 

12.94016 

-0.00292 

-0.05711 
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Table  7.  Measured  Pressure  Distribution 

Model:  2.0-in.  Diameter  Hemispherical  Nose 

U  =  20.0  fps 

00  r 


X 

D 

CP 

S  * 

5d 

_ _  ** 

sd<*> 

0.000 

1.000 

0.000 

0.000 

0.280 

-0.621 

0.002 

0.331 

0.335 

-0.737 

0.004 

0.604 

0.390 

-0.776 

0.005 

0.586 

0.430 

-0.725 

0.004 

0.521 

0.465 

-0.639 

0.004 

0.560 

0.480 

-0.621 

0.005 

0.725 

0.500 

-0.605 

0.004 

0.581 

0.515 

-0.602 

0.005 

0.755 

0.530 

-0.594 

0.005 

0.780 

0.545 

-0.598 

0.004 

0.663 

0.560 

-0.588 

0.004 

0.613 

0.575 

-0.496 

0.002 

0.465 

0.625 

-0.178 

0.001 

0.561 

0.675 

-0.197 

0.002 

0.781 

0.725 

-0.178 

0.001 

0.561 

0.775 

-0.164 

0.000 

0.116 

0.825 

-0.149 

0.001 

0.764 

★ 

Standard 

deviation 

Relative 

standard  deviation 
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Table  8.  Measured  Pressure 

Distribution 

Model: 

2.0-in.  Diameter  Hemispherical 

Nose 

U  =  30 

00 

.0  fps 

X 

D 

CP 

S  * 
a 

- ,  ** 

Sd(%) 

0.000 

1.000 

0.000 

0.000 

0.280 

-0.622 

0.001 

0.179 

0.335 

-0.739 

0.004 

0.541 

0.390 

-0.782 

0.003 

0.358 

0.430 

-0.741 

0.003 

0.338 

0.465 

-0.653 

0.002 

0.349 

0.480 

-0.635 

0.002 

0.321 

0.500 

-0.616 

0.001 

0.227 

0.515 

-0.614 

0.001 

0.252 

0.530 

-0.606 

0.003 

0.495 

0.545 

-0.599 

0.001 

0.241 

0.560 

-0.385 

0.001 

0.199 

0.575 

-0.216 

0.001 

0.302 

0.625 

-0.231 

0.001 

0.436 

0.675 

-0.211 

0.001 

0.606 

0.725 

-0.185 

0.001 

0.274 

0.775 

-0.167 

0.001 

0.633 

0.825 

-0.149 

0.001 

0.459 

★ 

Standard  deviation 

★  ★ 

Relative  standard  deviation 
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Table  9.  Measured  Pressure  Distribution 

Model:  2.0-in.  Diameter  Hemispherical  Nose 
U  =  40.0  fps 

CO  r 


X 

D 

CP 

★ 

Sd 

- ,  ** 

sd(%) 

0.000 

1.000 

0.000 

0.000 

0.280 

-0.623 

0.001 

0.126 

0.335 

-0.740 

0.001 

0.119 

0.390 

-0.788 

0.001 

0.100 

0.430 

-0.749 

0.002 

0.221 

0.465 

-0.662 

0.001 

0.133 

0.480 

-0.641 

0.001 

0.175 

0.500 

-0.621 

0.001 

0.182 

0.515 

-0.618 

0.001 

0.179 

0.530 

-0.608 

0.001 

0.156 

0.545 

-0.459 

0.002 

0.326 

0.560 

-0.226 

0.001 

0.300 

0.575 

-0.249 

0.001 

0.481 

0.625 

-0.243 

0.001 

0.247 

0.675 

-0.213 

0.001 

0.353 

0.725 

-0.185 

0.001 

0.329 

0.775 

-0.165 

0.000 

0.299 

0.825 

-0.147 

0.000 

0.274 

★ 

Standard 

deviation 

★  ★ 

Relative 

standard  deviation 

d 
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Table  10.  Measured  Pressure  Distribution 

Model:  2.0-in.  Diameter  Hemispherical  Nose 
U  =  50.0  fps 

oo  r 


X 

D 

CP 

★ 

Sd 

_ _  v  *★ 

sdU) 

0.000 

1.000 

0.000 

0.000 

0.280 

-0.616 

0.002 

0.267 

0.335 

-0.733 

0.002 

0.299 

0.390 

-0.782 

0.002 

0.205 

0.430 

-0.747 

0.002 

0.214 

0.465 

-0.663 

0.002 

0.262 

0.480 

-0.642 

0.002 

0.253 

0.500 

-0.619 

0.001 

0.229 

0.515 

-0.616 

0.001 

0.194 

0.530 

-0.583 

0.001 

0.229 

0.545 

-0.307 

0.001 

0.399 

0.560 

-0.240 

0.001 

0.357 

0.575 

-0.270 

0.001 

0.192 

0.625 

-0.245 

0.001 

0.220 

0.675 

-0.211 

0.000 

0.202 

0.725 

-0.181 

0.000 

0.231 

0.775 

-0.161 

0.001 

0.322 

0.825 

-0.143 

0.000 

0.308 

★ 

Standard 

deviation 

★  ★ 

Relative 

standard  deviation 
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Table  11.  Measured  Pressure  Distribution 

Model:  2.0-in.  Diameter  Hemispherical  Nose 
U  =  60.0  fps 

oo  r 


X 

D 

CP 

★ 

Jd_ 

_  ★★ 

sd<"> 

0.000 

1.000 

0.000 

0.000 

0.280 

-0.611 

0.001 

0.192 

0.335 

-0.730 

0.001 

0.151 

0.390 

-0.780 

0.001 

0.164 

0.430 

-0.748 

0.002 

0.211 

0.465 

-0.663 

0.001 

0.189 

0.480 

-0.641 

0.001 

0.193 

0.500 

-0.619 

0.001 

0.092 

0.515 

-0.615 

0.001 

0.187 

0.530 

-0.512 

0.003 

0.504 

0.545 

-0.268 

0.001 

0.287 

0.560 

-0.264 

0.001 

0.266 

0.575 

-0.279 

0.001 

0.237 

0.625 

-0.244 

0.001 

0.251 

0.675 

-0.208 

0.000 

0.097 

0.725 

-0.179 

0.000 

0.155 

0.775 

-0.159 

0.000 

0.117 

0.825 

-0.140 

0.000 

0.258 

★ 

Standard 

devi ation 

•kir 

Relative 

standard  deviation 
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Table  12.  Measured  Pressure  Distribution 

Model:  2.0-in.  Diameter  Hemispherical  Nose 
U  =  70.0  fps 

oo  r 


X 

D 

CP 

★ 

Sd 

- /  %  ** 

Sd(%) 

0.000 

1.000 

0.000 

0.000 

0.280 

-0.608 

0.000 

0.062 

0.335 

-0.727 

0.001 

0.156 

0.390 

-0.779 

0.001 

0.122 

0.430 

-0.749 

0.001 

0.116 

0.465 

-0.667 

0.001 

0.166 

0.480 

-0.642 

0.001 

0.195 

0.500 

-0.618 

0.001 

0.169 

0.515 

-0.612 

0.001 

0. 18? 

0.530 

-0.408 

0.003 

0.670 

0.545 

-0.279 

0.001 

0.408 

0.560 

-0.279 

0.001 

0.238 

0.575 

-0.283 

0.001 

0.260 

0.625 

-0.243 

0.000 

0.155 

0.675 

-0.204 

0.000 

0.223 

0.725 

-0.175 

0.000 

0.158 

0.775 

-0.156 

0.000 

0.177 

0.825 

-0.138 

0.000 

0.148 

★ 

Standard 

deviation 

★  ★ 

Relative 

standard 

deviation 
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Table  13.  Measured  Pressure  Distribution 

Model:  2.0-in.  Diameter  Hemispherical  Nose  With  Boundary  Layer 

U  =  30.0  fps 

00  r 


X 

D 

CP 

* 

Sd 

0.000 

1.000 

0.000 

0.280 

-0.621 

0.001 

0.335 

-0.737 

0.001 

0.390 

-0.786 

0.004 

0.430 

-0.740 

0.001 

0.465 

-0.662 

0.001 

0.480 

-0.642 

0.004 

0.500 

-0.617 

0.002 

0.515 

-0.607 

0.002 

0.530 

-0.539 

0.001 

0.545 

-0.441 

0.002 

0.560 

-0.305 

0.001 

0.575 

-0.221 

0.001 

0.625 

-0.252 

0.002 

0.675 

-0.218 

0.001 

0.725 

-0.188 

0.001 

0.775 

-0.169 

0.000 

0.825 

-0.151 

0.001 

★ 

Standard 

deviation 

** 

Relative 

standard  deviation 

Trip 


0.000 

0.116 

0.113 

0.491 

0.097 

0.199 

0.659 

0.167 

0.370 

0.256 

0.352 

0.407 

0.290 

0.652 

0.416 

0.545 

0.143 

0.429 


Table  14.  Measured  Pressure  Distribution 


Model:  2.0-in.  Diameter  Hemispherical  Nose  With  Boundary  Layer  Trip 
U  =  40.0  fps 

oo  r 


X 

D 

cp 

★ 

Sd 

- -  /  *  ** 

sdW 

0.000 

1.000 

0.000 

0.000 

0.280 

-0.622 

0.002 

0.398 

0.335 

-0.739 

0.001 

0.201 

0.390 

-0.794 

0.002 

0.204 

0.430 

-0.766 

0.002 

0.216 

0.465 

-0.685 

0.001 

0.215 

0.480 

-0.632 

0.001 

0.142 

0.500 

-0.539 

0.001 

0.148 

0.515 

-0.483 

0.001 

0.178 

0.530 

-0.426 

0.001 

0.274 

0.545 

-0.384 

0.001 

0.287 

0.560 

-0.349 

0.001 

0.203 

0.575 

-0.322 

0.001 

0.303 

0.625 

-0.266 

0.001 

0.269 

0.675 

-0.224 

0.001 

0.247 

0.725 

-0.191 

0.002 

1.233 

0.775 

-0.169 

0.001 

0.328 

0.825 

-0.150 

0.001 

0.440 

•k 

Standard 

deviation 

** 

Relative 

standard  deviation 
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Table  18.  Limited  Cavitation  Data 
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Table  20.  Limited  Cavitation  Data 
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